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1thi Directorate concurs in td findings premented in thLis report
ad rocanmds use of the informtion coataimd berein to eher- o
the dLoeigm A" development of tee protection systsma for rotary-Wiir
aircraft.

The min thrut of this effort wes to Accurately qumttfy design
criteria for helicopter ice protectiom systene and to identify ad
evaluate the met Fraosming rotor blade ice protectiorn concapt. Slnny
coacepts hare bees analysed, and the cyclic-olectrothermel concept
ma identifted am the mot pzomislng for application to future and
existing Army helicopters.

.Althesh bhe cyclic-olectrothet1el blade deicing comcit appears to be
Sbe most feaaible for application to helicopter roLt` blades in the
wr future, the pMalties for ice protection are sighificamt. Adi-
tiomally, this deicing comcept hae been subjected only to limted
simulated trivA tests. Although this flight testing was adequato to
Aemnetrate concept feasibility, additional simulated and natural ice
testing is snemdCor to finalise oyttam control, parameters sad to re-
solve problem areas dentifted to date.

This directorate -ill contime invea•otation of ice protection con-
cepts that abow promise of ninimstia system penalties.

The Project Lfgineer for this effort was ]Richard I. Adin of tL*
eta ~ ' -' '. -. - " - -ý - - , I -
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The work vhic? har been accosrlfshed under l.hfs program is reported in

t'o voluwos. The first volume. Dtiign Crito-ria and Technology Consid-

era'.Aons, discusses (1) icing severity level analysis ond recommended

d-peign criteria, (2) Adverse weather protection technology, (3) a trade.-

off comparisen of different ty3pe. of ic* protection sy-stem for various

categories of helicopte"rs, and (I) a technology development proram for

an advwnced electrotherma Ain system. This volum, Ice Protection

System Application to the UK-lN Helicopter, describes the appl,'mttou• of

the recotwended electrothernal deicing system to a LM--IN test aircr&ft.

It provides a detailed description of the modifications to the b*sfc air-

craft (including th, flight test instrumentation) iid t'-: rmsu'ts u.f the.

ground and flight test program for that aircraft eondvctwd in the winter

of 19Th-T75

Meteorologicil ftsig. criterin amr provided for freesing raIn &Ad

drizzle, snow, and supercooied droplets (icing). It it shown that the

minimua (99th percentile criterion) toqperature for freezing rain is

1- i)°F, that the l-,quid wvtor conit.tut does not exceed 0.Z 32 g per

v¢blc meter and that the dropl-.t diameter rvei s from 400 to 1200 microns.

Tie 99th percentile snowfall criterion rangs from 1.6 gram per cubic

0 0
meter at 15F to 2.1 gper cubic meter at 35F. It is re-.wnded

f that the fxisting FAA (and equivalent military specification) be used

for the severity of supercooled droplets under continuous maximum icing

conditions and that the 99th percentile severtl- be used for intermittent

maximi~m vonditions.

SThe technology review focuses upon protection against supercooled

clouds, the normal icing problem. It is shown that protection against

freezing rain is riot justified otnd that snow can be accommdated by



proprý" btas¢ le.Aripi with n•tldj1pibtlb penalty. • rtca mh•

Iin trethxvol os.y I % or, nat i aTid tF0; rs ,t or b r 1,rt - trLte 1-t ,1 -. I t I

,luded 'hat rl•-otrot.hermal ,-yellc i t- the tkoit :1 tt,. for

x'i t ting vid nhit ur hell 'o ter. , ,t te ! ti A I i it t wh t- b :.* uI e:,-de I iIs

quitable for both :0ll-rmetfal uit1 -ompt-sit Itdebi Rd(e .. t t. Ii. It If

shown that the mosi critical problem vith the elteitn thermal -;y-item

is obtaining a reliable b.adAe heater asieinbly, aid this has be-rn "den-

titled as the key develolment task. The timer!cotitrolleripTcer

distribution subsystem recommnied for use vith the cyclic d.!Iclng

itystrm is a hybrid sol-state/eleitrrmechanieal design Incorporating

extenisive electrical fault sensing a-d protection.

Protection requItments for engine Inlets, vwindshields, radomes,

flight prober, and weapons aid sensors are also discussed. end the

staet of the art of ice detectors and sewrity level Instrumentation

is defined. Engine inlet protection is higlily dependent u)on the

inlet d4es4, and it is shown that several *xisting -sils apparently

do not reidre a protection system. •indshield pro~ettion utilizing

PLectrical mti-it-ina by a transarient conductiv* film i: reemmi•dd.

The need fcr radom ice rrotoction depends upon the type of radar

oqployed and its locatiot. on the aircraft, end often the radar perform-

On". psnaltfes associated with fin ice protectior system exceed the

ýpenalties dua to Ice. Flight prcbe anti-Icing designs are currently

more than satisfactory. The need for- vapon system ice protection

needs to be experimentally evaluate, as there is no available informa-

tion. Senso 'windows. e.g., those of cameras, IN sights, and weapon

sights, need protection when they are subject to icing, but it is shoky

that the only feasible method of protection Is a cover door or an

engine bleed air heating system.

A trade-off has been performed for windshield ice protection, and the

results show that the electrical system i1 superlor.

• • :,• l - • 'I • i ,. , . . . .. ... ..



The trade-off analysist eomAWr.'tl five o~~..~ f rotor blaude Ice

protection systems for sevnw helfiopter type. Tlhe five ;:y,'term, ,r':

the e1ect'rothermal -ycl . delle ,-eii.ig the A1-Y1,-,L) frer-.-Ityr p 1'

depressant (aicohol) system. auld three variat.ois ouf oir('-urio.•I•. I,'ii I

loop anti-lclng utilizlng engine exhaust gaktl tih.t. Weight., ;uerfornw c,"

penalties, r'liability, and product ion, operatl•o, arid ,na1treit'.- (f-:¶

have been developed. In addition, system weight and prrformmwL

penalties hav- '-en evalu-ted for the ,jystemr for fr-ezlrin rmlr. reqlilre-

ments P w'.1 as supercoo.ed drople&±, and the el, -trtierrrftl t1.

chemical system requirements have also been ealuftted as % furo' !uin ,f

icing severity. The r( iult.s -hov that. baseA L-'-T1 year-arolV', penaltI,-:1

and an iclng encounter duration of I hour, Hie chenlolal fr•,.i ,,

depressant system is the lightest and chle,;* :-y:sttem for ail bwi the

two heaviest helicopter tylpe (with ele-.trvthern&2 .ysrter,, -;t-coril or

first). If. however, mai1m ., mltss ioii rIMe I." u::,-,i Pit the b le " t: for

calculating year-arot!id system wk ight and pentl tItei, the elet- r't ,er-i'0

L deicing system to shoini to have less penalty for he]I-optertz vit.i a

TOGW in excess of 16,000 1b. Uased upon performance and logistics

. ....... .•.. w-evrr, the electrotherina] system is reeonranz.wrdt- for

all types of hellcopterg.IR
The materials, processes, quality controls, and strnctural criteria and

properties arw described for maiiu and tall rotor deicer heater blanketi,.

Rwccnended materials axe descriltd, and it to shown that the resulting
structural properties are satisfactory. Electrofori.ed nickel is r"com-

_ ndei for the erosion shleld, and a stainl,,ess steel et(h%-d foil de,;100i

is recommnded for the heating elenent. The th;-cLb..g-scAn ultrasonic

Sinspection technique is recommnded for bonding verifloatirn on the

rotor 'ýilade as the last production step.

SThe electrothermal leicing system which has beer, developed and demon-

r- strated on the Utd-lH helicopter requires 11.4 kilowalts for the mali
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rotor blades (two) omd 4 kilowatts for the tail rotor. 'w mati, ror

blade is divided into six spaiwise .e•.liot:; fur ey'lie ,h Iicln', with

the heating sequence from the t.lt to bl , a , r t I.,•wer hcn.;iPy

varies from 1. watts/in" at tVc it, to .'t, watt:/* 1 "01 tit, ro•t.

The ent re tatl rotor is de iced at 10 watt.J,/I" n ki' na1ti rot,)r

gro .'tabilizer bar aid tip weight. I.; aiti-iced (,',)t inuo.u:•ly heat,-d

during icing conditions) at 5 watts/in' -uid require:. ' kw. ','he

windshields aiw also anti-iced with electri" heat. (u.'ing % tin oxile

coating) and require 5.1 kw. A new ac eleotrlal systre i in.;-tutlled

using a .'0/30 kva generator. This osyt~em adsul has the k.apal, 11ty ,f

prouvidlng a variable voltatwe in at'curlanice with icing" -.. everity:
16•0 vultý. (line-to-line) for" Ilo-lt oingu•, ,'ý)o rolit" (the 11ýýr~iild V'alue)

for m•d•rate icing, and .'30 volts for heav-y icing.

ihe helieopter underwent 15 hours, of airworthiness and electrical

systems flight testing at Fdwards Air Kcrce be.se, California, Waid

15 hour- at M.kw•.s Lake, Washington, behind the CH-47 lielieopter Icint

)pray 2yatem (HISL). A total of 35 flight. hou•r's ad 19 ground

* raltlne, .,our wereotained - ,. the ,ulr._rat All Lit ruct-uril1 lo]l•,

measured were fouwd to be within limits , atd aircraft. h'IrJling

qualities were better lhrui those for the basic aircarft (r,.uced

rAain rotor boo;t-of•f control torce requiremeit s).

Icing tests behind tht' ta.,ker were made at ariblent tempei'aturvL as

low as -i°F arid at liquid water contents up to 0.75 gram per cubic

meter. Complete shedding of the ice from the main rotor blade was

observed at temperatureL down to +5°0F, but. shedding was reported to

be incomplete inboard of station Bi (where the doubler. start) at an

ambient of -4°F. No tail rotor icing was observed. Windshield aid

stabilizer anti-icing power appeared to be adequate. It is re.commt-nded

that further flight testing be conducted tc achieve a greater variety of

conditions: hover behind the Canadian National Research Council 'Spray

Rig at Ottawa, Ontario, behind the ItMSS, and in natu'.*al icing.
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1IWFACE

Thin, progrm~r to determitie adverse weather jprotcctiot; requirenientr; was

eonducted b~y the Lockhued-California Coaipany wider Contract

DAAJ02-73-C-o010r to thex Euctis Direetc'.ate, MR Ariry

Air MbbilIty Research tuid Develop-cent laboratory (tUSAAMRITJT) Fort Eust ic,

Virtrini.a.

Vie prot-ram. was perfor?:ed durinC the Period 30 June 1973 throut-h 30 jwxc

1975-.Technical :mriitorint, of the prolect for USAIWUL vac uy

Richard I. Ad~am.

Vie Lockheed protgram wrz under thu tcchnical UIrCctioll or J. B. WLIrncr,

:Scrior Bc~carcii and Developrieut Enri!.ccr. Addit 1xial Lockeed. Persol 1101

:i:g::~a~or techniceal conitributioino to the proogra%. Included J. T. Alpurt.,

.. A. Aid~ei con,, H. Carr, rx. H. Cu ton, M. J. Croniini, A. M. Ja.:ecu, Ft.

Joluxotoli, J. L. * flhodvc, 3% M . Ry"an, J. .~~:i~,K. K. L;ClI:id.t, V. S.

3Jorensol'., ax3d J. H~. Vani.k

Si:ýiulated iciing_ Ici~t. werL :cmducted. 1.y the, U., Ar::.ý' AvIntioi. Fa,riincuri'.,

Flighit Acxtivity (uzA;ALFA). ', LiWi~r&L- Air Forcc BaceP, California. Ma.'Or

techn~ical contributioio v~rc. :nklc by Mta,. Iiol~rt K. I~errill, Pro0, ect

Officer and. Ertgiinccrinl- Test Pilot, Cnp~t. Louis Kroncni~erg*rr, Flitli't

Tect Erienecrf and. Capt. Lcoznard. liantxz, ciia~c -lane pilot and icingc tec-t

colwultanit.

7



TABLE 0F CONTENi,,

PREFACE o . . . . . . . .

LIST OF ILLUOTRATI,'1;S. . . . . . . . . . . ..

LIST OF TABLES..... . . . . . . . . . 7

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . 18

? ICE PROTECTION IYSTE11 DHIMhIlI'1 ' .. .. ... I j

2.I MAIN AND TAIL R2 . .............. .. .

2.1.1 Main Rotor .............. . . . '1)

,,3 tabili Izer liar . . . . . . . .'

.2 £ELECTRICAL DVCRIPTION. 9

2.2.1 Power .neration .yst.em . ........

2.2.? System 3 peration wid Cort rol ....... 30

2.3 HEATED WINDSHIELD .4,j

-,4 ICE .DETECrIO. . . . 50

2.5 SYSTEM WEIJHT .................. 50

3 FLIGHT TEST INSTRUM.ENTATIONM ............ . 55

4 AIRWORTHINESS TESTING ............. ... 702

14.1 GROUND TESTS . . . . . . . ........... 72

4•1.1 Ground Loads and Dynamics. . . ...... 77

4.2 FLIGHT TESTS . .. ....... . ...... 86

4. 2.1 Flight Loads and Dynmics. . . ...... . 10.2

4.2.2 Pilot Comments . . . . . ......... 134

4.2.3 Engine Inlet Screen Bluckmae ....... t36

9



4.24* lee Protecttoti "yotem O•vii.
A i Lot gi .... .l. .

24 .5 Potmo Mlade Thetmll ',rtoriulee .V.e. . . . 1
4.o,,6 Windshit-ld Operat.loti ... ... .. . . . I

5 SIMUL AC I Ci'ETO ....... ................. 145

5.1 OPERNU'LONAL TEST P ChDUB. . . . . .. . . . . .

5.5P0VPI~LAD iIEPo1l PUtEHDVRA[C: .......... o , * *

5.6 Icnit E, CONDMSIiTL . . . . . . . . . . . . . . '

5.3 IC E bLAM /DED',ICINQ .... ....... . . . . .

5.4 DEW IC1iA LOAD. AND) DYAM I(VA . . ......... .&, f

5.5 WTOR TE LADE THERWA, 2. EtR&:L MAlWE . . . . . . . . . .

5.6 WIBLADE :, A I'I'-E INýR . . . . * . . . a. . . . t*'

6,7 ICBL DE h FI"?2 ,Q ,., . .. . . ',

5.9 UNPROTEL7'?Eb AhlAJ... . .. . .. . .o

5.10 EFFECT OF IC•E A¢CCRFTION• ON

AIRCRAFTr PERFOACE ... . . . . . .. . .o01

6 N6. MALECATIALo IyR"mE, Ahl'AT:. . . . . . . . . . . . . .'0
6.1 tODIFTED RO'roR PLALADEO .... .... .... %

"6.7 OTHER CI14 C A .A. . . . . . . . ..1

6. B0ULSOI ADE li EC WlýENDATI.'. .. . . . . . . . . . . .

6.4 BLADE HEATER DIELECTRI .... .. .. ..... . '0,7

6.5 STABILIZER BAR 11FAT'ER A,01,,,E, b. ...v' ... 0
6.6 ELE(.-M ICAL IS 211 ....... 4,) . ..... . . . 1 ......

6.7 DFICIN,. CONfROL 0YO•TM, JPB''.• . .. .. ... .. 1

7 CONICLISITONS AND RM)NV•,ENDAT1011110* • e• .. . ...... I - 1

APPENIDIX A . . . . . . . . . . . . . . . . . . . . . . 17

10



LIST OF ILLUSTRATIONS

FigurePage

1 Advanced Ice Protection SEstem Modification
* to UH-1H.................... 20

2 Main Rotor Blade Heater Blanket. . . . . . . . . . . . 21

3 Main Rotor Blade Spanwise Power Density Distributior . 23

4 Rotor Blade Heate- Design . . . ..........

5 Main Rotor Slipring Assembly. ......... .... 27
6 Tail Rotor Slipr-ing Assembly ............ 27

7 Sketch of Heater Blanket Coverage for Stabilizer Bar . 28

8 AC Generator and Transformer/Rectifier Istallatinn. . 31

9 Ice Protection Control Panels. . 32

10 Schedule of Main Rotor Power ON-Time . . . . . . . .. 36

11 Schedule of Tail Rotor Power ON-Time ........ 3T
12 Calculated Effect of Voltage on the Time Requ.4red

To Deice the Main Rotor . . . . . . . . ... . . 41

13 Temperature Distribution in Main Rotor Vs External
Heat Transfer Coefficient. ............... 42

14 UH-IH Heated Windshield ... ............. 46
15 Typical Windshield Power Density Map . . . . . . 49

16 Ice Detector Installation. . . * . . . . . . . * ... 51

17 Main and Tail Rotor Blade Thermocouple Locations . . . 61

18 Temperature Sensitive Tndicating Sticker . . . . . .. 62

19 Hub Camera Installation ...... ................. . 64

20 Block Diagram of Data Acquisition System . . . . . .. 65

21 Left-Side Data Acquisition Equipment . . . . . . . .. 67
22 Right-Side Data Acquisition Equipment. . . . . . . .. 68

11



23 Cockpit Flight Test Instrmentation Control and

Ice Detection Control Panel ....... . . . . 69
24 Real-Time Monitor Scope System Block Diagram. . . . . . 71
25 Test Aircraft Operating in the Tiedown Facility

at Burbank. . . . . . . . . . . . . . . . . .. * . . . 74

26 Test Aircraft in Operation, Shoving Tail Lateral
Bar/Load Cll fbr Ya Restraint .......... .. 75

27 Tail Rotor Inplane Bending Moment at Station 11
During Ground Tests With Deicing Boot Installed .... 78 I

28 Tail Rotor Flap Bending Moment at Station 21.5
During Ground Tests With Deicing Boots Installed .... 79

29 Tail Rotor Pitch Link Axial Load During Ground
Tests With Deicing Boot Installed ...... . . . . 80

30 Tail Rotor Inplane Bending Moment at Station 11
With Standard Rotor . . . . . . . . . . ....... 81

31 Tail Rotor Flap Bending Moment at Station 2)4
With Standard Rotor .................... 82

32 Tail Rotor Pitch Link Axial Load With Standard Rotor. . 83

33 Gross Weight - C.G. Envelope for Airworthiness Tests. . 89

34 Airspeed - Load Factor Envelope - Configuration A . . . 90

35 Airspeed - Load Factor Envelope - Configuration C . . . 91

36 Airspeed - Load Factor Envelope - Confitaration D . . . 92

37 Airspeed - Load Factor Envelope - Configuration A
at 11,000 Feet . . . . .. . . . . . . . . . . . . 93

38 Inflight Boost-Off CollJcative Folce With Standard
Blades. . 0.. . . 0.. . 0. .. 0. .. . . . a.. 0. . .. . . 100

39 Inflight Boost-Off Collecti-e Force With Deicer
Boots Installed . . . . . . . ..0. ... . . . . . 101

40 Boost-Off Collective Force During Ground Tiedown
Test With Deicing Boots Installed . . . . . . . . . . . 103

41 Main Rotor Flap Bending Moment at Station 35 With
Deicing Boot Trstalled - 5000 Ft. Altitude. . . . . . . 105

42 Main Rotor Iaplane Bending Moment at Statiun 35 With
Deicing Boot Installed - 5000 Ft. Altitude. . . . . . . 106

12



43 Main Rotor Flay Bending Moment at Station 35 -
Deicing Boot Installed - 10,000 Ft. Altitude. . . . . . 107

44 Main Rotor Inplane Banding Moment at Station 35 With
Deicing Boot Inista]led - 10,000 Ft. Altitude. . . . . . 108

45 Main Rotor Flap Bending Moment at Station 35 With
Standard Rotor. . . ...... . ...... 109

46 Main Rotor Inplape Banding Moment at Station 35 With
Standard Rotor ..................... 110

47 Main Rotor Flap Bending Moment at Station 150 With
Deicing Boot Installed - 5000 Ft. Altitude. . . . . . . 11

148 Main Rotor Flap l3ending Moment at Station 150 With
Deicing Boot Installed - 10,000 Ft. Altitude. . . ... 112

k,9 Main Rotor Inpleae Bending Moment at Station 150 With
Deicing Boot Installed - 5000 Ft. Altitude. . . . . . . 113

50 Main Rotor In-Plweai Bending Moment at Station 150
With Deicing Boot Installed - 10,000 Ft. Altitude . . . 114

51 Main Rotor Flap Bending Moment at Station 150 With
Standard Rotor ..................... 115

52 Main Rotor Inplane Bending Moment at Station 150 With
Standard Rotor. . . . . . . . . . . .... . . . . . . 116

53 Main Rotor Flap Bending Moment at Station 234 With
Deicing Boot Installed - 5,000 Ft. Altitui'e .... 117

54 Main Rotor Flap Bending Moment at Station 234 With
Deicing Boot Installed - 10,000 Ft. Altitude. . . . . . 118

55 Main Rotor Flap Bending Moment at Station 234 With
Standard Rotor. . . . . . . . . . . . . . . . . . . . . 119

56 Main Rotor Pitch Link Axial Load With Deicing Boot
Installed - 5,000 Ft. Altitude. . .... 120

57 Main Rotor Pitch Link Axial Load With Deicing Boot
Installed - 10,000 Ft. Altitude ....... . . . . 121

58 Main Rotor Pitch Link Axial Load With Standard Rotor. 122

59 Tail Rotor Inplane Bending Moment at Station 11 With
Deicing Boot Installed - 5,000 Ft. Altitude . . . . . . 1!3

60 Tail Rotor Inplane Bending Moment at Station 11 With
Deicing Boot Installed - 10,000 Ft. Altitude . . . . . 124

13



Figure Page

61 Tail Rotor Flap Becding Mment at Station 0 With
Deicing Boot Installed - 59000 Ft. Alttude . . . . . . 125

62 Tail Rotor Flap Bending Momenit at Station 24 With
Deicing Boot Installed - 10,000 Ft. Altitude ......... 126

63 Tail Rotor Pitch Link Axial Load With Deicing Boot
Installed - 5,000 Ft. Altitude ... ....... 127

64 Tail Rotor Pitch Link Axial Load With Deicing Boot
Installed - 10,000 Ft. Altitude . . . . . . . . . . . . 128

65 Tracing of Main Rotor Loads During Level Flighl
and Pulse Inputs, . . .0. . . . . . ..0. . . . . . . . 130

66 Tracing of Tail Rotor Loads With Deicing Boots
Installed During Tail Rotor Pedal Inputs. . . . . . . . 131

67 Tracing of Tail Rotor Loads With Deicing Boots
Installed During Level Flight . . . . . . . . . . . . . 132

68 Tail Rotor Inplane Bending Monotnt Dynamic Response
With Deicing Boots Installed* . ............ 133

69 Closeup of Engine Air Intake Side Screens Showing
Partially Blocked Area. . . . . . . . . . . . . . . . . 137

70 Engine Inlet Screen AP Calibration. . . . . . . . .. . 138

71 Main Rotor Blade Heater Skin Temperature During
Dry Air Deicing System Test . . . . . . . . . . . ... 141

72 Tail Rotor Blade Heater Skin Temperatures During
Dry Air Deicing System Test . . . . . . . . . . . . . . 142

73 Test Aircraft Establishing Trim Conditions Outside
the Spray Cloud ...................... .. 150

74 Test Aircraft Operating in Spray Cloud Behind the
CH-47 Tanker. . . ... . . ........................ 151

75 Test Aircraft Operating With Rotor in Spray Cloud
as Viewed From the Side . . 0 . .. .. . ........ 153

76 Test Aircraft Operating in Spray Cloud as Viewed
From the CH-47 . . . . . . . . . . . . ............ 154

77 LWC Versus OAT Simulated Icing Test Envelope. . . . 156

78 Main Rotor Blade, Showing Heater Boundary Lines . . .. 160

79 Main Rotor Root End Residual Ice ...... . . . . . . 162

80 Main Rotor Inplane Bending Moment at Station 35
With Deicing Boot Installed, 80 KCAS ........... . 164

114



ft gume Page

81 Main Rotor Flap Lending Moment at Station 35 With
Deicing Boot Inst.alled,U .0..... .. M 165

82 Main Rotor Flop Bending Moment at Station 150 With
Deicing Boot Installed. 80 . ....... . . .166

83 Mbin Rotor Pitch Link Axial Load With Deicing Boot
Installed, so am . . . . . . . ........ 167

84 Tail Rotor Inplane Bending Mosmnt at Station 11 With
Deicing Boot Installed, N0CS . .. .. .. . . 168

85 Tail Rotor Flap Bending Moment at Station 24 With
Deicing•lBoot Installed, KM ........... * * 169

86 Tail Rotor Pitch Link Axial load With Deicing Boot
Installed, U0 =A• . . . . . . . . . . . * . . .. . .. 170

87 Main Rotor Inplan .Bending 1Mme at Station 35 With
SDeicing Boot Installed, 0.7 9/ .. .. .. .. . .. 1T2

88 Main Rotor Flap Bending Moment at Station 35 With
Deicing Boot Installed. 0.75 /m3 . . . . . . . . . . . 173

89 Main Rotor Pitch Li V Axial oad With Deicing BootSInstalled, O.T5 O N , * .. . . .. . . . . .. . . .. 1T4

90 Tail Rotor Inplae Bending NMont at Station 11 With
Deicing Boot Installed, 0.75 /3 . . . . . . . . . .. 175

91 Tail Rotor Flap Bending Moment at Stettion 24 With
Deicing Boot Installed, 0.7T5 g/3 . . . . . . . . . . . 176

92 Main Rotor Loads Duing Deicing Ciele . . . . . . . . . 178

93 Co--rison of Zone VI Heater Teqeratur*e During a
Deicing Cycle in and out of the Icing Spray . . . . . o 180

94 Main Rotor Blade Heater Skin Temperatures During
Deicing System Test . .. .. .. .. .. .0. ..... 1.

95 Skin Temperature Rise of Main Rotor Blade at
Station 45 With Varying OAT Control Setting . . . . . . 183

96 Comparison of Zone VI Deicing Hoater Temperature
During Repeated Cycles in Clear Air To Deice Zone VI. 184

97 Local Water Catch Distribution for Tvo Droplet Sizes
at the Liquid Water Content Required for Equivalent
Total Water Catch . . . . . . . . .. . . . ... . . 186

15



Figure Page
98 liquid Water Content Moter Performan.ce . ....... 189

99 Additional Liquid Water Content Data. . . . . . . . . .

100 Typical Stabilizer and Rotor Read Condition ut the
Completion of an lcing Tet Fight.......... 192

101 Horisontal Stabilizer and Vertic il Fin Icing. . . . . .9

102 Icing of Battery Vent on Fuselage Nose. ......... 19

103 Engine Inlet Screen cin ............... 19T

04 NMain Rotor Slipring Wiring Condition Found on
Disassembly Investigation of Wire Guide Tube Failure. . 204

105 External Evidence of Wiring Short Failure No. 1,
Blade Station 83, Top Surface . ............. . 204

106 Electrical Short at Station 83 of No. 1 Wire. . . . . . 205

10T Repair of Failure Shoving Replacement Braid
Splice Section. . . . . . . . . . . . . . . . . . . . . 205

108 Station 83 Repair Area Covered With Sealing
Compound and Ready for Further Flight . . . . . . . . . 206

109 Station 80-83 Wirinx Insulation Remove . Shoving
Spliced Wires and "Open" Joint That Were Found ..... 206

110 Station 262 Failure Area After Steel Shield
Material Was Removed. . . .......... . . . . . ... . 208

111 Stabilizer Bar Tip Weight - Failed Heater . . . . . . . 209

112 Teqperature Rise of AC Generator Cooling Air
With Varying Electrical Loa* ............. . 211

16



LIMr OF TAIL

Tablepage

1 Maximum System Temperature* . . . . . . . . . . . . . . 44

2 Flight Test UH-lh Electrothermml Deicing System Weight. 52

3 Estimated UIH-l Production Deicing System Weight. . . . 51

4 Flight Test 'asu rement List. . 56

5 Log of Preflight Ground Tests. .... ......... 73

7 Tail Rotor Blade Frequencies Identified From
Speed 9weeps. . . . . . . . . . . . . . ............. 84

8 Aitrfame/Accessories Vibration Response Frequencies
Identified From Speed Sweeps ............. 86

9 Log ofAirworthiness nlight Tests. ... . . . . . . . 87

10 Aircraft Weight and Balance Survey. . . . . . . . . . . 88

11 Svmary of Low-Speed Conditions for Flying Qualities
Evaluation. . . . . . . . . . . . . . . . . . . . . . 96

12 Summary of Inflight Conditions for Flying Qualities
Evaluation . ..................... 97

13 Log of lee Protection System Clear Air Tests ......... 140

14 Log of Ice Protection System Testing at Moses Lake. . 146

15 Deicing Test Conditions and General Results . . . ... 157

16 Vibration Levels Recorded in Trim Before and After
Entering Cloud. . . ..................... 179

17 Sammary of Engine Torque Increases Duw to Rotor and
Fuselage Icing. . . . . . . . . . . . . . . ........ 199

A-1 UH-IH Deicing Test Program Trim Point Data ........... 217

17



1.0 INR•ODUCTION

The ice protection technology review and trade-off study discussed in

Volume I of this rzport concluded that the electrothermal cyclic deicir'

system ts the coi "ept which should be applied to those helicopters

having missions which require all-weather operttion. As part of this

program, therefore, an advanced electrothermal deicing system has been

designed, built, and flight tested on an Army UH-1H aircraft. This

volurwe describ, s the ice protection system which has been installed,

the other associated modifications to the aircraft, the Instrumentation

and flight test datu acquisition system, the test procedure, and test

results.

Preliminary system design started in January, 1974, and ground testing

of the completed and installed system on the aircraft started at the
contractor's plant in Burbank, California, in December, 1974. Air-

worthiness and system checkout tests were completed by the contractor

at the Army Aviation Engineering Flirht Activity facility at Edwards

Air Force Base on February 28, 1975, and the aircraft was then ferried

to Moiies Lake, Washington for simulated icing tests behind the CH-17

Helicopter Icing Spray System (HISF). Testing at Moses Lake was
completed on March 31, 1975.
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2.0 ICE PROTECTION SYSTEM DESCEIPTION

Figure 1 schematically shovw the changes which have been made to the

standard aircraft. An *lectrothermal cyclic deicing system has been

installed on the main and tall rotor blades,. a heating blanket to

provide anti-icing also has been installed over the stabilizer bar arm

and tip weight. In addition, the plastic pilot's and copilot's wind-

shields have been replaced with laminated glass heated windshields.

These additions and changes to the aircraft resulted in the addition

of appropriate ice protection control systems and a new ac generating

system to supply the electrical power demands.

Two differe~at types of ice detector (and icing severity) systems and

OAT (outside air temperature) probes also have been installed to pro-

vide inputs to both cockpit instruments and the main and tail rotor

automatic deicing controller.

No changes were made to the engine air inlet system, as experience

indicated that engine power has not been affected by ice buildups on

the iulet bereeris of the UH-±n aircraft.

The subsections below describe in detail the additions and modifica-

tions which have been made to the aircraft.

2.1 MAIN AND TAIL ROTOR

2.1.1 Main Rotor

The installation of the electrothermal cyclic deicing heaters on the

main rotor blade is shown schematically in Figure 2. Each blade is

divided spanwise into 6 zones; and both blades are powered simultane-

ously so as to provide symmetrical ice shedding. Heating starts at the

tip (Zone I) arnd proceeds sequentially inboard to the root (Zone VI).

The upper surface is heated to approximately 12% chord (2.75 inches
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back from the leatil tio t.d•,ep), and the ,w,,r 1"-.,', I h, f t, to

approximately ,-9% chordi (V',,, Ink,1,,1,, l,,,.k 1rr o. I•,, -t• h,f it-dw,).

The power dennity Is vhrt,', fr,'t:ý I p .1 , , I w,. Ir, *wit, It .

each zonle uses the mome ,tttl ;,wtr: t. .7 kw't ,vit (- ,'r :,,')

The power vartat'ul ake IIl', •,,,.- ' ,, k.ik." I,' L ,o . ,i.',

which varies as the :,p art , V' tit', . i ,', '. ý." :,d-. '• re,,h ,,

the required teemperati -'e riot, wout k,,, z), to. "I ',, I Ila' t'•'•tot' Il, .

heat transfer eoetfflolont ), whi h v-,trIte.. u' -u, , r', t',,•, o • ,, i l t ,t *

radius (thus tenuint" to I ii','u t lhe rV•t ," I 'I"t i, rColu t re% t•,•

for a given required tmript-rOature r I'e . 'h, r,, Ir, dowtr ,": tIt:,-.

and the operation of the binkde le Ie ' ti.i, l r. 'v"'r.. I -' rit,' tai .tl I,

Section 2.2.

There are two basic heating ireai s oz.ht, ho,±i•. zt : tht h, ,l"I l1,t•,t

area from rotor staitloni 8, to ti.e i ('-AprVx rt,!y "': f•et-) U't! tfi

inner section which covers the rotor over the kioiulit.1.r ' (,t. *'t-a

sta. 83).

The cross section of the del-eor hettf'e! ' uI.. itI,', i- .ýn w, i. Fig-

ure h. The erosion shield for the ou',er 17 t-'* . ' o" ,, ,aniT b ale I-

0.030 inch I/4 H 302 stainless 4te tI, qi -.•, i...: .'i.ic -i for Ihi

inner 5 feet (the doubler area) in 0.0it i.. ',0 7cU'.ti hl.I:,i,:. The

blade heater consists of t:i eo,! .1io 1" 14 ell, a., ,i\iX\ ',i be'.!iis ielo-

tric layer between the erosionl, ohlld -1,it II',-at l,..tr ,dorttl,:ot (Wlhc-1 Is

of etched foil made from 0.005 in•' :t Il.in n:tel ), aAI I.1ier fll,,tr-

glass epoxy layers. The existlnrip stairden-zs ,-tte1l and 'Ibxlt eri•Acr,

shield is removed from the blade In ordpr to mri.z.l , thit bl-hi weithi

change. The blade is t htn buidt bai, tc .' tcr wit}h a I'fbo,t' rp h.

epoxy layer filler. The complete deloer boot ' , shield ,nen~bly

is then bonded to the existing filler buil,-uip bl,,loe.
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Although the heated area extends back to 12% chord on the upper surface,

the erosion shield extends further aft due to the need to provide area

for the copper braid power feed conductors to the various segments. The

erosion shield extends a constant 6.83 inches back on the lower surface

between stations 288 (blade tip) and 83, the start of the doublers.

The shield extends back a constant 5.20 inches or, the upper surface

between stations 288 and 155 and tapers uniformly back to 6.43 inches

at station 83. The heated area over the doubler is irregular.

The blade heater uses three-phase power (at a nominal voltage of

200 volts, ltie-.o-line), and each phase powers a different spanwise

area of each zone. A common copper braid ground return is used on the

lower surface behind the heated area but under the erosion shield.

Since the boot basically extends almost 0.090 inch outside th.ý

existing blade contour, a fiberglass fairing is provided behind the

erosion shield. This extends back approximately 1 inch.

Power leads extend out of the deicer bcc+ in straps at the inboard end

and then terminate in waterproof connectors fur -ille assemblies leading

into a power distribution stepper switch on top of the rotor mast.

The stepper switch provides the cycling to the six zones, so only four

power leads need to go through the sliprings and then into the fuselage

through a hollow tube in the center of the transmission shaft. The

slipring assembly housing (Figure 5) contains not only the sliprings

but instrumentation components (page 46) and the mounting for a camera

which was used for obtaining inflight motior pictures of one rotor

blade. A total of 24 sliprings were prvvided on the main rotor to

provide for rotor deicing (4), stabilizer bar anti-icing (2), cavera

operation (6), and instrumentation (12).
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2.1.2 Tail Rotor

The tall rotor deicer boot and "nner fill layers are similar to that of

the main rotor. On the tail rotor, only the basic blade has a

deicer heater; there is no deicing coverage for the inboard

doubler area. The erosion shield is electroformed nickel tapered

from 0.030 Inch at the leading edge to 0.010 inch at the trailing

edge.

The tail rotor blade heated area extends from stations 20.68 to sta-

tion 50. Protection extends aft to 10% chord on the "outboard"

surface (1 inch) and to 25% chord on the "inboard" surface (2.3

inches). The erosion shield, however, actually extends aft 2 inches

on the "outboard" surface and 3.05 inches on the inboard surface and

spRanwlsp to the tip (station 51). As on the main rotor blades, an

aerodynamic fairing e-*-nds behind the erosion shield.

Since the heated area on the tail rotor is smaller than a zone on the

main rotor, the entire tall rotor is deiced as an entity, at a uniform

nominal power intensity of 20 watts/in2 aw euU vKC. Thus, no stepper

switch is required for the tall rotor.

Figure 6 shows the tail rotor slipring assembly. It contains 4 power

and 12 instrumentation rings.

2.1.3 Stabilizer Bar

The stabilizer bar is continuously heated during Icing to provide an

anti-icing capability, at 5 watts per square inch (Figure 7). Control

of the stabilizer and the counterweight heaters is again from the

pilot's control panel, and the switch is normally ON. Unlike the main

and tail rotor elements which are three phase, the stabilizer heater

is single phase - connected across one pair of lines of the three-phase

ac system. Separate sliprings in the main rotor mast and circuit

breakers are used for the stabilizer bar.

26



Figure 5. Main Rotor Slipring Assembly.

Figure 6. Tail Rotor ýlipring Assembly.
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2.2 EtZCMICAL DMsc ION

As noted in Section 2.1, the main rotor blade is divided into six
heated areas or zones, each drawing eqMl power. The power demand of
the main rotor is approximately 13.2 kva under moderate f200 Vac)
Icing conditions. The tail rotor blades, as mentioned previously,
are deiced simaultaneously. Their normal power demnd is approximately
4.0 Lft (moderate icing). Additional ac electrical loads on the air-
craft are the stabilizer bar (3 kva approximate) and the two heated
windshields. The windshield load is 5.2 kva, bringing the total anti/
deicing peak load (at 200 v) to aproximately 25.4 kva. The systems
can also be used at 160 volts or 230 volts, as discussed below, with
corrCesponding total power requirement of 16.3 kw or 33.6 kw, respectively.

2.2.1 Power Generation System

Since the basic UH-iN is equipped with only two 2 8 -volt, 300-sli, dc
generators (one a starter-generator). a new 20/30 kva a generator is

ubad to met the new citng loads and other electrical loads in the
helicopter. The generator selected is a Dendix Amdel 2b23-15. It is
oce of a fwe machines that fits on the 5 inch bolt circle pad of the dc
generator and which also operates at the em nominal drive speed of
6600 rpm. For reliability reasons, a brushess configuration of this
generator is used. While the generator is designed to use blast-air
cooling, it is operated in the UN-IN with a self-cooled internal fan
since the generator is desIC ad to operate with 120°C cooling air.

The new three-phase 200/115-volt ac generator is installed at the
12 o'clock position on the transission pad. The pad is normally

* occupied by a 28-volt dc 300-w generator. Because of this substi-

tution, the available redundant de power generation capability would have
been deleted from the vehicle. Thus, another modification of the UH-lH
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basic power system consisted of the installation of a 28-volt, 200-amp,

transformer rectifier (T/R) unit. This unit is located on top of the

fuselage next to the ac generator and under the movable cowling, as

shown in Figure 8.

The dc system has been rewired to make the starter generator the

primary generator (instead of the standby generator which it is in the

basic vehicle). With this change, the transformer-rectifier unit now

operates as the standby dc system.

All new electrical components and items associated with the ice protec-

tion system have been located in the electrical load center except for

the control panels in the cockpit and a power stepper switch located

on the main rotor heed assembly (for distributing pover sequentially

to the six main rotor heating zones). The load-center components include

circuit breakers, relays, ac deicer power relay box, voltage regulators,

terminal strips, etc. All these have been installed with a minimum of

change to the basic layuut of the existing components. Also located
in this area is a new three-phase external ac pover receptacle to

permit checkout of the ice protection system on the ground without

rmning the engine.

2.2.2 System Operation and Control

Control of the deicing system is accomplished from tvo panels mounted

at the aft end of the control pedestal in the cockpit. These panels

(Figure 9) are known as the pilot's control panel and the deicing

control panel. Functionally, all control resides in these two units.

The pilot's control panel establishes the operational mode of the

system (and monitors its performance), while the controller acts

as an automatic processor, accepting the pilot's data inputs and those

of the OAT (outside air temperature) and LWC (liquid water content)

sensor systems.
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The deicing control system has two operational modes: autmatic and

semiautomatic. These are selectable by the pilot, and the only diffir-

ence between the two is that the deicing schedule for the system in

the "semiauto" mode is controlled manually. To do this, the pilot uses

the information displayed on the OAT wnd LWC instruments and operates

the OAT and LWC controls which are in juxtaposition with them. The

necessary ON/OFF times are scheduled by the controller (even in the

"semiauto" position). In the "auto" position the deicing schedule is

established directly by the outside environment sensor system (outside

air temperature and icing severity). In the "auto" position, the OAT

selector switch and the icing severity selector switch have no effect

on the performance of the leicing system. The instruments, however,

continue to display the outside icing environment.

Operationally, the system is designed to require minimum attention by

the flight crew. All switches could typically be in the position shown

in Figure 8. With the exception of the "extrnal power switch," all

switches would normally be in the position shown (ON). A master power

switch located in the lower right corner of the deicing control pouiel

has control over all dc power to the sensors and to the controller/

processor system.

The system is adaptive to the deicing environment in such a way that

the power density (watts/in 2) applied to the heaters is proportional

to t'ie icing severity: the lover the icing severity, the lower the

power dcnzity applied to the htater elements. Conversely, the

heavier the icing environment, the higher the power density. This

method of changing the watts/in2 is effected by changing the voltage

produced by the ac generator. The purpose of this type of control

is to presei re the life of the generator by subjecting it to the

high loading conditions only when the helicopter is flying in heavy

*icing ccnditions. The life of the generator (aside from bearings,

*See Volume 1 for definition of icing severity levels.
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etc.) is related to the average (root-men-square) heating of the

insulation system. Operating the generator in thls manner viii

lUer the average temperature of the windings and substantially extend

the life of the generator as well as minimize the torque loading on

the transmlssion pad.

While on infinitely variable voltage control would have been more

desirable, it would have been more complex, so th:ree fixed voltage

levels are sed. These relate to the varying icing severity conditions

an follows:

Icing Condition* Voltage

Heay7 230 v (line-to-line)

Moderate 200 v (line-to-line)

Light 160 v (line-to-line)

These voltages give a power range of 2:1 from light to heavy icing

conditions. When the voltage/pover intensity levels change, it is

also necessary that related changes be made to the "heater-on" periods.

The ON-time is basically determined by the temperature differential

beloa freezing and is proportional to it (the lower the outside air

temperature, the longer the Or-time). For any condition where the

voltage is increased (watt intvnsity increase), the rate of temperature-

rise at the blade surface also increases. As a result, for a given

temperature rise requirement, a shorter ON-time is 2rogrammed at the

higher voltage levels. I&V eontroller timing logic operates in such a

way that the .WC factor controls ON-time as an inverse-proportion

function of icing severity: the worse the icing severity, the shorter

the requireO CA-time, thub permitting frster cycling. As ice accretes

*As read on t•Le. penel LWC meter.
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on the blades at a rate proportional to the icing severity, it Is

beneficial if the cycle time (time to heat all blade elements) is

shortened at the more severe icing conditions. Figures 10 and 11

show the matri': of OAT versus IWC for the different voltage levels

for the mair and the tail rotors, respectively.

Since the ON-time sch-?dule was established by an analytical evaluation

of the spectrum of icing conditions, it is possible that some of the

calculated values may differ from actual operating requirements. Three

adjustment controls, therefore (located vertically on the lower right

quadrant of the controller patel), provide a + 50% control of the

ON-time settings. Once these adjustments are made, there will be litt]e

need to use chese controlg again, and they would not be required for a

production unit.

Another aspect of the deicing schedule is to provide for an OFF-perlod

between each heating cyrle. The OFF period associated with each of

the three icing severities is set between the following ranges:

Icing Condition OFF-Period (Mmin.)

Heavy 0.2 - 3.0

Moderate 0.7 - 10.0

Light 1.0 - 15.0

These adjust•ble cettings are also Iccated on the lower right quadrant

of the controller panel. The initial adjustments were set at 2, 5, and

14 minutes, respectively.

While the LWC sensor system will detect rapid and frequent changes in

icing conditions, it is undesirable for the generator voltage to fluc-

tuate following these instantaneous sensor responses. To inhibit this,

a "muting" period is built into the controller to insvre that the

heating parameters do not change oftener than once in 5 minutes. The

OThis time interval can be adjusted
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control parameters that will be affected by a chang•e in the Ivi',g

condition will be:

* The voltage level of generator

* The ON-time established for the main and tail rotor heater

elements

0 The OFF-period between each cycle (for the main rotor)

If, however, the pilot finds that he has entered a more severe icliqC

condition than the system has been controlling to, lie can use an "updale"

control button which is provided on the center of the pilot's control

panel. When this button is pressed, the old tirring cycle will be

imriediately terminated; the cycle will return to the ",;tart" potitiori;

the ON periods will be reduced; arid the OFF period will be -,nortened

as appropriate for the icing condition being encountered.

Separate timing circuits are used for the maiT arid tall rotor. Tall

rotor cycling consists simply of sequential ON and OFF pk"lods, with

tl-e OFF period being mnde a mulLiple of the ON period. This ratio i-.

established by a three-position selector switch locateu on the left

center of the controller panel. The graduations on the swilch are

4, 8, and 32: a selection of "8" would mean that tihe oF.' period on

the tail rotor heater elements would be 8 tiy.e, the heater o% period.

The tail rotor ON periods may be adjusted independently of the main

rotor; these + 50% controls are located in t he lower right .uadraiti of

the controller panel. At thp initiation of deicing,the main and tail

rotor systems would start simultaneously; and -,equenco')g would theii
de-end on the mein ard tail rotor deicing schedules 11cleiC.C..

Protection, like the furction of the control eystem, i I i.dlvi,iunl an.,

specific to the main arid tail rotor systems. Amber fanlt warning lamps

are located on the top portion of the pilot.'s control panel in, tihe
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I
peripheral vision of the pilot. These lights provide indication of

open or short circuits in the main and tail rotor systems. A "ground"

light (top left corner of panel.) provides a warning of any line-to-

ground short in the gererator system wiring or in the wiring of the

deicing system .tself such as a blade element shorting to ground.

Two OAT and two LWC sensor systems are installed, and these are select-

able from the pilot's control panel. The OAT sensorz aro conventional

resistance wire thermal sensors which furnish data to the controller and

to the OAT indicaLor. Since both OAT sensors are of the same type, the

only purpose in using two is to provide redundancy. In contrast, the

LWC sensors are of different types, as discussed in Section 2.3.

External ac power is controlled via the pilot's control panel. A mili-

tary star lard receptacle is used, and an "external power monitor" is

installed in the load r-enter to monitor the quality of the external power

supply connected to the vehicle. If the phase rotation of the voltage

or the frequency is not within prescribed limits, power cannot be

applied to the buses. A lamp located on the control panel (Figure 9)

is used to indicate when ac external power is available to the elec-

trical system.

In considering the electrical control system for the rotor blades,

critical atteintion was focused on those safety aspects wherein a

system failure could resiult in loss of the aircraft. Such a possibility

could arise if an entire blade heat:r assembly were to delaminate in

flight and separate •'rorn the rotor (the resulting dynamic imbalance

could be catastrophic). One way such an event might occur is as a

result cf overheating the b2l_ e dlue to excessively long power ON

ti.'e.
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Accordingly', a detailed thermal analysis was made in order to establish

the degree of thermal margin in the system. The expected time for

deicing to occur on the main rotor blade was determined for each of the

six deicing zones and for each of the three voltages. Figure 12 shows

* the results o,- the analysis (for an ambient temperature of 0 F). Deicing

is presumed to occur when the leading edge of the erosion shield reaches

32 0F. The sawtooth effect is due to the variation in spanwise heat

transfer coefficient, the kinetic temperature rise, and the variation

in power density for each zone. Near the inboard end of each segment

the kinetic rise is a minimum, and this results in the longest required

time to raise the surface temperature to 32 0 Ffor end zone. While
* Zone 1 has the lowest power density, it still requires the least power

ON time. Basically, however, the expected deicing time is 13 seconds

at 160 volts, 7 seconds at 200 volts, and 5 seconds at 230 volts. This

compares with allowable ON times (fromn an overheat standpoint) of 22-
seconds, 13 seconds, and 8 seconds, respectively. Thus, there is a

satisfactory safety margin available for normal system functioning.

It is to be noted that the required deicing time is based upon tiie

highest heat transfer rate (at a given station), which occurs at the

leading edge, and overheat is based upon the minimum heat transfer

coefficient, which occurs approximately one inch aft of the leading

edge on the lower 3urface. The lowest heat transfer coefficient occurs

at the start of boundary layer transition between laminar and turbulent

flow (assumed to occur at a local Reynolds number of 500 ,000). Aft of
this location the heat transfer coefficient increases; and forward it is

also higher, being a maximum at the stagnation point. The heat transfer

coefficient also varies spanwise due to the variation of blade 'relocity

with blade radius. Therefore, a parametric analysis of temperature rise

with heat transfer coefficient, power density (watts/in 2), anid power ON

time was performed. Figure 13 shows the temperature distribution through
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the heating element assembly and blade for 10 seconds OK after the

5th deicing cycle (100 seconds OFF between cycles). An OFF time of

100 seconds represents the shortest possible OFF time. Multiple

cycles were examined because a "steady state" cycle is generally not

achieved on the first one due to heat storage in the D-spar. Since the

temperature rise of the system is linear with power density, Figure 13

can be applied for each of the various heating zones along the blade

and for each volt ge by using the correct multiple of 10 watts/in2

(i.e., the temperature rise for 20 watts/in2 is double the value shown).

For design purposes, the overheat criteria which havc been used are a

maximum allowable heater element temperature of 3000 F, a blade surface

(D-spar) temperature of 2000F, and the interface bond line (between

the deicer assembly and the fiberglass layup on the blade) temperature

of 2000F. (Note in Figure 13 the very close relationship between
interface anld clad temperature.) To determine maximum permissible

power ON times, an ambient temperature of 50 F was assumed. The

allowable power ON times for each of the three system voltages

(22 seconds at 160 volts. 13 seconds at 200 volts, and 8 seconds at

230 volts) were established at Zone 6 (in the doubler area). Table 1

shows the ciitical temperatures on the other zone locations and indi.-

cates a substantial margin outboard.

As a final level of protection against overheating, three instrumentation

thermocouples installed on one of the main rotor blades for thermal

measurements (as a part of the experimental UH-lH flight test program)

were used to provide a warning of any blade problem by illuminating a

caution light in the cockpit.

The thermocouple blade temperature monitoring system as used in the

UH-lH consisted of the following:
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* Chrovl - constantan thermocouple

* Solid state + 32°F reference Junction

* Vector - Aydin Co. low-level VCO

e Vector - Aydin Co. mixer-azplifier

* Discriminator

e Voltage comparator

o Cockpit caution light.

TABLE 1. MAXIMUM SYSTEM TEMPERATURES, 0F

160 Vol.ts 200 Volts 230 Volts

Heater Heater Heater
Zone Element Interface Element Interface Element Interface

1 99 81 112 86 110 83

2 116 92 131 98 127 91

3 143 i11 160 117 155 105
II

14 165 126 184 134 172 119

5 195 146 208 151 186 131

6 300 200 300 200 300 200

The output of the VCO mixer-wqlifier receiving the thermocouple input

is discriminated by three discriminators which in turn are connected to

a voltage comparator circuit. This circuit performs three functions:

1. Sets and detects the overheat temperature points,

2. Performs a logic "OR" on the four temperature signals, and

3. Drives the caution indicator light.
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The temperature overheat set points are individually %djustable from

+125°F to +1650F. Since the thermocouples operate Into an "OR" logic

gate circuit, any one of the three thermocouples will provide an

output signal to operate the caution light system when the reference

temperature is exceeded. Further details of the temperature sensing

system are discussed in Section 3.0.

2.3 HEATED WINDSHIELD

When operating in cold-weather conditions, it is necessary that both

the pilot and copilot have windshield areas that are clear of ice,

frost, or fogging so that flight vision can be maintained. The most

effective means of maintaining clear vision is to electrically heat the

criticalarr of the windshield. A laminated glass windshield having

a transpre electrical resistance heating area was selected as the

best means of accomplishing this. Compared to plastic, a glass

windshield has much greater heat conductivity and has far superior

resistance to windshield v4rper abrasion.

Each windshield consists of two thin, curved plies of glass laminated

together with a tough polyvinyl butyral plastic interl•yer giving a
"safety glass" construction. A resin-impregnated fiberglass edge

retainer is used for mounting the windshield into the helicopter fuse-

lage frame. The windshield Is depicted in Figure 14.

The glass plies are made by stacking two sheets of plate glass together

and heating until slightly soft, at which point they simultaneously sag

to contour on a curved form to provide a matched fit. The curved glass
panes are cut to size and edge finished. The glass plies are reheated

to approximately 10000F and rapidly chilled under controlled conditions

to give a tough, semitempered condition. Sheets of polyvinyl butyral

plastic are placed b.tween the glass plies. Each glass ply is 0.10 Inch
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thick, and the polyvinyl butyral is 0.080 inch thick, giving a

total windshield thickness of 0.280 inch. Polyvinyl butyral was

chosen as the laminating interlayer because of its toughness, excellent

bond to glass, and history of good service. The polyvinyl butyral

has strong adherence to the glass surfaces, and holds the glass frag-

ments frum flying in the event of breakage or projectile penetration.

A fiberglass-plastic laminate is installed around the edge of the

glass plies to act as protection for this critical area and to provide

the structure by which the windshield is installed in the helicopter.

Localized mounting stresseL are absorbed by the flexibility of this

fiberglass-plastic laminate to avoid point loadin, the edge of the

glass. The laminate is drilled to accept mounting screws.

The UH-IH wincshield is heated in a rectangular section of 800 square

inches across the center of the windshield. Under moderate icing

conditions, the power is at 3.3 watts per square inchfor a total of

2640 watts. The voltage will vary, as it does for the deicing system,

from 160 volts in light icing, to 200 volts in moderate icing, and to
230 volts in heavy icing conditions, as determined by the LUC. If rotor
blade deicing is turied off, the voltage supplied to the windshields

will be 160 volts.* This power level is sufficient to melt off ice

when the helicopter is parked, or to keep ice from forming in the

heated area during any cold weather conditions that could be encountered.
In addition, the heated area would be defogged during humid weather. To

avoid thermal shock, voltage is automatically applied at 160 volts

for one minute, and then automatically set to the voltage corresponding

to icing conditions.

*Except when the T/R is required, at which time the voltage will be 200

Vac.
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NeatluB is accjaished by a transparent tin oxide film applied on the

inside sur.-fe of the outer glass ply. The tin oxide film acts as an

electrical resistmace heating element. Single phase alternating elec-

trical current ts fed through copper braid wires into thin silver strip

biw ba@s along tvo opgosite sides (top and bott,•) of the tin oxide film

beating area, and then into the tin oxide film.

The tin oxide (WIA) film resistance is made so as to provide a uniform

power density. Variations from the average do occur, however, an4

Figue 15 shows a typical power variation over the surfac e. The power

variations are controlled so that the coldest area will still anti-ice

while the hottest area does not overheat. The heat control sensor

ic located in a region of average power.

Tvo heat sensors of very fine wire are laminated Into the polyvinyl

butyral interlayer Just behind the tin oxide film. The resistance of

the sensors changes with temperature so that the control system can

,no who the windAshield has reached T80 ? and cycle pwer ON at that

point (OFF at 820F). Only one sensor is connected, the second iden-

tical sensor is a spare in cae of failure of the other censor. The

control sensor also acts as an overtesperature control and will light

a warning light on the pilot's control panel when the windshield reaches

105°F ±9F, and will turn oaf, and lock out, 01 power to the affected

windshield. The pilot may restore power by momentarily turning the

control switch off and then on, should the situation require this

action.

The control and pover circuits for each windshield are coupletely sepa-

rate from each other and from the rotor blade deicing systems. Should

a fault develop in the deicing system, or in one windshield, it will

always be possible to use at least one panel.
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2.4~ ICE DETECTION

Two different ice detector/icing severity meter designs are installed

on top of the cabin area. One is the ultrasonic type and the second is

the infrared occlusion type. Both sensors include aspirators using

engine compressor bleed air to induce the ambient cloud across the

detector during hover. The output of either sensor is displayed on

the pilot's control panel through a meter. The detectors are installed

on masts so that the sensors are approximately 12 inches away from the

fuselage. Each of the sensors requires approximately one-half pound

per minute of enginie bleed air to operate the aspirator. The principal

benefit of the aspiration is during hover, as there is sufficient ram

airflow across the sensing system during cruise to assure a sensitive

The output of the ultrasonic system is a continuous analog voltage

which is displayed on the meter in terms of T (trace), L (light),

M (moderate), and H (heavy). The infrared system provides one of

three discrete severity signals corresponding to L, M, or H. (1L will

be read with icing intensities up to the threshold of M, etc.)

Figure 16 shows the *installation of the -two ice detectors on top of the

fi~selage.

2.5 SYSTEM WEIGHIt

The weight increase resulting from the installation of all new equip-

mernt (excluding flight test instrumentation) and the modifications to

the rotor blade is 279 pounds. The weight of the flight test equip-

ment is 567 polinds, resulting in a total aircraft weight i~ncrease for

the test configuration of 8146 pounds. The weights of the individual

components comprising the anti/deicing system for the test aircraft are

shown in Table 21.
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Table 2 shows that 46 pounds is included for main and tail eotor

heater blankets, This weight would normally be adjusted it, the

blade balance for a new blade design so as to achieve a zero net

blade weight increase. In addition, a weight increase of 34 pounds is

shown for a change to the heated (glass) windshield. Of this increase,

27 pounds is attributable to the change from plastic to glass, and onlyI 7 pounds (for controls and wiring) is directly attributable to heating

of the (two) windshields.

If the UH-lH were retrofitted with ice protection on a production basis,

S~the estimated system weights would be as shown in Table 3. A compari-

son of the two tables indicates significant component differences for

the main rotor blades, sliprings, and electrical generating system.

it is postulated that a production blade design would use a tapered

nickel erosion shield on the main rotor blades (from 0.03C inch at the

leading edge to 0.010 inch at the trailing edge of the shield) instead

of the 0.030-inch stainless steel erosion shield on the flight test

aircraft; the slipring weight would be reduced by virtue of eliminating

the rings required for instrumentation; and the electrical generating

system weight could be substantially reduced by utilizing a 12,000-rpm

generator instead of the 6 6 00-rpm machine used for the flight test

Sprogram.

It is also noted that Table ?7 itemizes the weight effect of deleting

tail rotor ice protection, aE flight test experience has shown that the

engine exhaust heats the tail sufficiently to prevent tail rotor icing

(,tt least with the standard exhaust co.Afiguration).
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3.0 FLIGHT TEST INSTRUMENTATION

Provisions for measuring approximately 45 parameters were incorporated

into the data acquisition system, as identified in Table 4. Instru-

mentation was installed to measure main and tail rotor blade loads, rotor

blade surface temperature, electrical system parameters, and basic

aircraft and engine performance parameters. It is to be noted that

Table 4 identifies approximately 65 measurement items, but these include

4 spare thermocouples and. 4 spare strain gauges on the main rotor blade.

The strain gauge locations were selected so as to provide a correlation

with data obtained on previous UH-1 flight test programs and also to

provide an indication of any potential blade dynamic problem. Collec-

tive handle force was also measured to determine the effect of blade

cg shift on boost-off control force requirements. Vibration measure-

ments (accelercmeters) were also made to comrelate with basic aircraft

data and to determine If a problem exists with new components such

as the ac generator and the main rotor sliprings.

Icing signals from both the ultrasonic and the infrared ice detectors

were also recorded as well as displayed (one at a time) in the cockpit.

The thermocouple locations were selected on the b.ais of measuring:

0 Maximum blade temperatures - in order to prcvide surveillance

of potential overheat problems. Maximum blade temperatures

(at a given rotor station) should occur at the aft end of the

chordwise laminar boundary layer (the location of minimum

heat transfer coefficient). It was estimated that this

location was approximately 1 inch aft of the leading edge

on the lower surface.
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TABLE 4. FLIGHT TEST MEASURDENT LIST

Meas. Where Recorded or Displayed

No. Par-meter Tape Cockpit A.O. Scope

Structural Loads/Vibration

S7000 M.R. Flapwise Bending @ Sta 35 (R) X - - X

S7001 M.R. Inplane Bending @ Sta 35 (R) X - - X

S7002 M.R. Flapvise Bending @ Sta 150 (R) X - - -

S7003 M.R. Pitch Link Load (Blade
Torsion) (R) X - - X

S7004 C.P. Collective Handle Force X - - -

S7005 M.R. Flapvise Bending @ Sta 234 (R) X - - -

57006 M.R. InpOane Bending @ Sta 150 (R) X -

ST010 T.R. Inplane Bending @ Sta 11 (R) X :X
S7011 T.R. Pitch Link Load (Blade

Torsion) (R) X - - X

S7012 T.R. Flapvise Bending

eSta 21.5 (R), IC - - -

D6000 M.R. Index (R) X - - -

D6001 T.R. Index (R) X - - -

D6002 Collective Handle Position X - - -

A3000 Pilot Sta. Vibration-Vertical X - - -

A3001 Pilot Sta, Vibration-Lateral X - - -

A3003 Copilot Sta. Vibration-Vertical X - - -

A300o4 M.R. Gearbox Vibration-Vertical X . . ..

A3005 M.R. Gearbox Vibration-Lateral X - - -
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TABLE 4. FLIGHT TEST MEASURDUT LIST (Cont)

Where Recorded or Displayed

No. Parameter Tape Cockpit A.0. Scope

A3006 M.R. Gearbox Vibration-Longitudinal X - -

A3007 AC Generator Vibrati.on-Vertical X - - -

A3008 AC Generator Vibration-Lateral X - - -

A3009 T.R. 900 Gearbox Vibration-Vertical X - - -

A3010 T.R. 90° Gearbox Vibration-Lateral X - - -

A3012 C.G. Vertical Acceleration X X - -

A3013 Main Rotor Slipring Assy Horiz. I
Vibration .

A3014 Main Rotor Hub Inplane Vibration X

Ice Protection System

R8001 Icing Severity - Ultrasonic X X - -

R8002 Icing Severity - Infrared X X - -

ST4000 Total Air Tesip. (Oav) X X

T4001 X.R. Blade Temp @ Sta 102

l" Lowr (e) X

T4002 X.R. Blade Temp @ Sta 101.25
*7" 1ýower (R) X - - -TI

T4003 M.R. Blade Temp @ Sta 178
# 1" Lover (R) x

T4004 M.R. Blade Temp @ Sta 169
6" Lover (R) X

T4005 M.R. Blade Temp @ Sta 83
* 6" Lover (R)

T4006 M.R. Blade Temp @ Sta 82.5
S1" Lover (B) X
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TPABLE 4. FIJOIT TEST MAWREOMKUT LIST (Cont)

.as. ere Recorded or Displayed

No. Parameter pe Cockpit A.O. Scope

T00T N.R. Blade Temp @ Sta 45
Q 0,5" Lower (R) X - - -

T008 M.R. Blade Temp @ Sta 30 @ L.E. (R) X - - -

T4010 T.R. Blade Tamp @ Sta 35 @ 2" L (R) X - - -

T4011 T.R. Blade Temp @ Sta 22

@ T5" L (R) X - - -

T4015 R.H. Windshield Tmp(Max Watts/In2 ) X -

2
T4016 R.H. Windshield Temp (Avg. Watts/In X -

2
T4020 L.H. Windshield Temp (Kax Watts/In ) x -

T4021 L.H. Windshield Temp (Avg Watts/In2 ) x -

E9019 M.R. Heater Signal Voltage (Equiv. tc
Stepper Out Voltage) X

E9018 M.R. Heater Controller Output Volts
(A-C0) x

E9020 T.R. 3eater Controller Output Volts
(A-CO) X

E9012 L.H. Windshield Var. Heater Volts
(A-CO) x x

E9013 R.H. Windshield Heater Volts (A-C0) x -

P5001 Engine Inlet Plenum AP (Avg of 3) X X

P5003 Engine Bleed Press @ Aspirator X -

T40P6 AC Generator Cooling Air Out Temp - X

T4028 DC Generator Cooling Air Out Temp - X -

T4029 Total Air Temp (Rosement) X - X
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TABLE 4. FLIGHT TEST MEASUREDENT LIST (Cont)

Where Recorded Displayedi Meas.
No. Parameter Tape Cockpit A.O. Scope

T4030 AC Generator Cooling Air in Temp - X - -

E9001 AC Cenerator Volts (B-C0) X X - -

E9003 AC Generator Current (A0) X X - -

E9021 AC Generator Volts (Neut-Structure) X - - -

Test Condition Parameters

B2000 Elapsed Time X X - -

B2001 Air speed X X -

B2002 Altitude X * X -

B2003 Event Marker X - X -

B2004 Hub Camera Burst Counter - X X -

B2005 Civil Time - x x -

R8004 Engine Torque Pressure (AP) - • X -

R8005 Rotor RPM/Eng RPM - * -

R8006 Fuel Quantity - • - -

R8007 N1 (Gas Generator RPM) - • X -

T4027 EGT (Sensitive, Digital) - - X -

Notes:

(R) a Rotating Meas.
z = Presently ships equipment
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" Minim= blade temperature - in order to provide information

on the temperature rise required for deicing, as the coldest

chord•ise location i'ý '.!y determine the energy required

for ice removal. The c€. ',.t area could be either the

leading edge or to: aft ede of the heated area where the

boundary layer would be expected to be turbulent (high heat

transfer coefficient).

"* Special "problem" areas. There is a 1/4•4inch "imheated" a&e%

on either side of the production skin splice at station 83
that could tend to be a potential ice anchor location,

Figure 17 shows the location of the main and tail rotor blade thermocouples.

e Windshield temperature (both pilot and copilot panels) at

locations corresponding to both averaic power density and

maximum power Jensity. In addition, the thermocouples had

to be located so that they vere out of the area of windshield

wiver travel.

Also utilized during the program but not shown in Table 4 were tempera-

ture indicating stickers (templates). Up to 100 at a time were

installed on the main and tail rotor blade heaters and stabilizer

bar heaters to supplement the thermoconples. These stickers (Fig-

ure 18) indicate the peak temperature experienced during a test and

are useful in providing an indication of overheat and for providing addi-

tional information on the heat transfer properties of the airstream

over the rotor blades and gyro stabilizer bar.

A 16mm motion picture camera wa.. mounted above the main rotor system,

turning with the rotor and bore-sighted along the No. 1, or instrumented,

blade to record ice accretion/ice shedding on that blade. The lens

and automatic exposure ccntrol (AEC) were enclosed in a metal housing

to protect these parts from the icing environment. The lens 6nd AEC
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viewed the blade through a window which was electrically anti-iced, in

a manner similar to standard aircraft anti-iced windscreens. A temper--

ature sensor, embedded within the glass, provided a temperature signal

to a monitor/control circuit which turned electrical power to the

window on at 10°C and oft at 27°C, thus cyclically heating the unit.

Control and switching logic electronics were also contained within

the lens and AEC protective cover assembly. Figure 19 shows the

camera installation atop the main rotor slipring/Instrumentation

housing.

The electrical system parameters were measured primarily for diagnostic

purposes to assist in troubleshooting in the event of system malfunc-

tion.

Engine inlet planum pressure was measured in order to monitor the

effect of possible ice buildup on the engine inlet screens.

The primary data acquisition system installed in the aircraft --s a

14-track frequency modulation (FM) tape recorder. This was supple-

mented by a small photopakel and added specialized instruments

in the cockpit. Four on-board oscilloscopes were also utilized to

monitor in flight potentially critical main and tail rotor loads in

real time. A block diagram of the complete data acquisition system

is shc', in Figure 20. As shown, the major subassemblies of the data

acquisition system are:

"* Main and tail rotor sliprings.

"* Proportional bandwidth voltage controlled oscillator (VCO)

chassis and power supply assemblies mounted in the rotating

portion of the main and tail rotor systems.

"* A 16 ran camera mounted above and rotating with the main rotor

to record ice accretion/ice shedding on one blade.
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* The lh-track FM tape recorder.

* An 18 hole photorecording automatic observer (A.O.) panel.

The photopanel, scopes, tape recorder and all signal conditioners were

mounted in standard instrumentatton racks located In the left and

right aft cabin portion of the aircraft (Figures 21 and 22).

The data x 'quisition system was controlled from a panel, added to the

cockpit pedestal, on the left-hand side. Mounted with the instrumen-

tation control panel was a time-code generator which provided a digital

readout of elapsed time to the flight crew and an IRIG-13 format time

code for recording on the magnetic tape. Figure 23 shows the installa-

tion of the control panel and time-.code generator on the forward left-

hand side of the pedestal. I
Signals fromn the blade sensors were transmitted via flexibly mounted

wire runs to the VCC's arid their associated preamplifiers located on I
top of the hub. A small bracket at the root end of the rotor blade

provided a mounting for chromel-constantan thermocouple reference

Junctions, strain gauge biasing resistors and the blade disconnect plug.

The composite VCO output was in turn transmitted via sliprings and wires

to the tape recorder and discriminators. Noise problem effects on the

signal lines were minimized due to the high level output of the VCO's.

Power supplies mounted in the rotating systems received their input

power via one slipring pair arid provided 10 volt. dc stable excitation

power for the strain gauges and thermocouple reference Junctions.

The nonrotating measurements, such as voltages, current, and basic

performance parameters, were fed directly to low level discriminators

via simple L-pad type signal conditioning.

The inflight real-time structural loads monitoring aystem provided the

flight crewmember/stress engineer with analog displays of critical
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Figure 22. Right-Side Data Acquisition Equipment
(Tia•ipe Recorder).
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loads measurements. Typically the cathode-ray tubes received their input

signal from strain gauges on the irain arid tail rotor blades and pitch

links. The strain gauge signals were fed through VCO's and sliprings

to discriminators, whence the analog signal was routed to the moritor

scopes. Sweep generators allowed the observer to synchronize iscope

sweep rate with rotor blade rpm,enabling him to observe 1P arid 2P load

excursions and to make value judgements relative to safety-of-flight

phenomena. Typically two oscilloscopes were used for each rotor

system. On the main rotor system, flap and chordwise bernding a+. blad•

station 35 were displayed jointly on one screen producing a lisaJou

figure, with the second scope displaying pitch link load. The dis;-

criminators for the lissajou pattern were built as a matched set. Theý

tail rotor measurements displayed were chordwise bending C blade

station 11 and pitch link load. A fifth oscilloscope originally

intended for vibration (at the e.g.) was never activated since discrimi-

nator space availability was relinquished to the temperature warning

system. A block diagram of 6he real-time inflight monitoring ;ystem

is presented in Figure 2A.
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4.0 AIRWORTHINESS TESTING

The first tests on the modified aircraft were to establish the

airworthiness of the new configuration and to define an operating enve-

lope. The tests included preflight tiedown testing equivalent to whirl

tests of a new rotor; flight tests evaluating rotor loads, vibration

characteristics, flying qualities; and complete ice protection system

tests in clear air. A tctal of 34.4 operating hours were accumulated on

the rotor blades and the other installed new systems. This included 1%'

flights and 15.3 flight hours.

4.1 GROUND TESTS

Table 5 is a summary of the ground tests of the modified rotor system.

Approximately 10 hours were accumulated prior to the start of flight

testing.

For the rotor whirl tests the complete aircraft was installed in a

fenced-in rotor whirl test area (Figure 25). The aircraft was restrained

through the external sling load attachment point iki thie vertlcal force

direction (rotor lift) and through a lateral attachment for yaw forces.

Both the vertical and the yaw attachment were made through load cells

with visual readout capability in the cabin. The yaw attachment point

on the aircraft was a specially fabricated form collar surrounding the

tail boom just forward of the 4 5-degree gearbox (Figure 26).

The vertical force to the external sling load attachment point was

limited to 4000 pounds by reference to the load cell readout. Lift up

to 70% collective was possible using this method combined with ballasting

the aircraft to a gross weight of 9500 pounds.
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TABLE 5. LOG OF PREFLIGHT GROUND TESTS

Date Test Hours Purpose Co i.Dnts

12-12-T4 1 0.1 First run with modified Satisfactorily
tail rotor blades accomplished

12-12-74 2 1.7 Envelope expansion of Satisfactorily
tail rotor accomplished

12-20-74 3 0.1 First run with modified Instrumentation
main rotor blades problems

1-4-75 4 0.5 Envelope expansion of Satisfactorily
main rotor accomplished

1-5-75 5 1.0 Envelope expansion Improved boost-
including boost-off off forces
evaluationI

1-7-75 6 2.2 Overspeed tests, ac gen- Satisfactorily
erator tests vs load accomplished

1-8-75 T 4.3 Blocked engine air inlet Sat-SfactoorlyJ j jand endurance running accomplished

9.9 Total run hours on modified system

The yaw force on the aft fuselage wras maintained witbin 20 pounds of zero

by varying tail rotor pedal position during main rotor torque changes.

For full pedal sweeps both left and right, the tail rotor thrust was

measured and reacted by a load cell and yaw restraint at the 45-degree

gearbox.

No difficulty was experienced operating the aircraft over the full rpm

and lift range. Monitoring of structural loads and dynamic characteris-

tics was accomplished through the use of the real-time CRT scopes

installed in the aft cabin area of the aircraft. The aircraft was

manned and the testing conducted by a pilot and a flight ',est engineer

in the pilot and copilot seats and a structural flight test engineer

and a dynamics engineer in the main cabin where the scopes were located.
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The ground tiedown testing on a preflight rotor qualification program

consisted of approximately 10 hours of operation. The purpose of this

testing was to verify rotor stability and loads as well as to provide a

reasonable operating background prior to flight testing of the modified

configuration. Both the main and tail rotors were separately tested over

a wide range of operating conditions. These included:

a. Engine overspeed to 6900 rpm or almost a 5% margin over normal

flight operating rpm.

b. Tail rotor thrust over its full range of blade angle travel, and

main rotor thrust up to approximately 13,500 pounds (70% collec-

tive). This is approximately 1-1/2g of lift.

c. Cyclic knd collective pulses to check rotor stability anid

damping.

d. Speed sweeps from engine idle (4500 rpm) to maximum allowaole

overspeed (6900 rpm)

e. Testing at off-normal rotor rpm (315-338)

f. Endurance running at high thrust settings.

As previously noted in Section 3 (Table 4), load measurements were made

at the following locations:

Main Rotor

a. Inplane berihrAg moment, Sta. 35

b. Flapwise bending moment, Sta. 35

c. Inplate bending moment, Sta. 150

d. Flapwise bending moment, Sta. 150

e. Flapwise bending moment, Sta. 234

f. Pitch link axial load

Tail Rotor

g. Inplane bending moment, Sta. I1

h Flapwise bending moment, sta. 14

i. Pitch link axicl load
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4.1.1 Ground Loads and, Dynamics

The main rotor loads measured duzing ground tests were well within limits,

and all were below the levels measured during the flight tests. For this

reason the ground measurements for the main rotor are not presented.

The tail rotor loads measured during the ground tests are presented

because they give a good indication of the transient dynamic response

during tail rotor pedal sweeps. S~nce the airframe is held In yaw during

the ground test, full pedal sweeps can be made without considering the

effect on aircraft attitudes. The cyclic loads measured during these

sweeps are plotted against rpm andi are shown in Figures 27 through 29. The

three measured cyclic loads presented are below the maximum loads meas-
ured on a standard aircraft in level flight conditions and are also belcoJ

the maximum design loads. These data are presented in Figures 30 through 32.

(Unfortunately, directly comparable standard aircraft ground test data

are not available.)

Vibration levels at several points on the airframe were recorded during

rpm sweeps on the vehicle while in the tie down configuration. These

runs were primarily made to identify blade and airframe or airframe com-I

ponent natural frequencies. The sweeps were made at a slow rate, and

natural frequencies were identified by noting the frequencies where the

recorded loads or vibration data reached a peak value in amplitude.

The frequency crossings identified on the main rotor are summarizetd in

Table 6. These data were obtained on ground test No. 5. A comparison

of the above frequencies with the predicted frequencies (for the cyclic

or antisyinmetric response and for the collective response) shows little

difference. This is true for the 3P and 4P frequency crossings at.

110 rpm, the 5P crossing at 234 rpm and for the 9P crossing at 2138 rpm,

which compare within 6 percent of the computed values. The 4P apparent
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Tests With Deicing Boots Installed.
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TABLE 6. MAIN ROTOR BLADE FREQUENCIES IDETIFIED
FROM SPEED SWEEPS

Frequency Main
I Rotor

CPS P RPM Measurement Coments

11.0 2 220 Flap Bend @ Sta. 150 Antisynmetric Mode

14.67 4 220 Flap Bend 0 Sta. 150 Collective Mode

19.5 5 234 Pitch link, FISO & F35 Antisysetric Mode

22.0 4 330 Flap Bend @ Sta. 35 Very small response

r35.7 9 238 Flap Bend @ Sta. 150 Antisynmetric Mode

* crossing at 330 rpm, however, does not appear to have any bearing on

predicted values. Due to the small indicated response, therefore, arid

subsequent flight tests which showed no undue response at 4P in the

operating rpm range, it is expected that the 4P response at 330 rpm was

inot a true frequency crossing. From these tests, it is concluded that

there are no significant main rotor blade resonances within the operational

rpm range.

The RPM sweeps to identify the tail rotor natural frequencies are shown

in Table 7.

TABLE 7. TAIL ROTOR BLADE FREQUENCIES IDENTIFIED
FROM SPEED SWEEPS

Frequency Tail
Rotor

cps P RPM Measurement Comments

35.4 2 i060 Flap Bend @ Sta. 2h Collective mode

Ih!6 2 1250 Inplane Bend @ Sta. 11 Mode not identifiabj.

55.2 3 1100 Flap Bend @ Sta. 24 Antisyrmietric mode

ui8.8 6 119 Flap Bend 6 Sta. 24 Collective mnde
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The 2P collective flap mode frequency at 1060 rpm is within 15 percent

of the predicted value, and the 6P crossing at 1190 rpm is within 9 per-

cent of the predicted frequency. The 2P response at 1250 rpm would

exactly duplicate the analysis if the response were cyclic. The 2P

response, however, is uoually collective on a two-bladed rotor, and the

instrumentation did not permit resolution of this question.

The 3P frequency crossing at 1100 rpm was within 20 percent of the

predicted value. As would be expected, the tail rotor frequencies would

be difficult to predict due to the influence of the aft fuselGge dynamics.

The test results do show, however, that the tail rotor is free from

blade resonance within the normal operating speed range.

One additional observation is that during the tiedown test, the maxi-

mum tail rotor oscillatory ftad occurred in chordwise bending at or near

the cyclic inplane natural frequency at nearly a steady-state amplitude.

There was insufficient instrumentation to determine whether the response

was cyclic or collective. The magnitude of the response was of the

order of 700 to 600 inch-pounds and reached values of up to 1100 inch-

pounds in pedal sweeps and transienL pedal inputs, This is discussed

further in Section h.2.2.

Several frequency crossings were identified on the airframe, gearboxes

and accessories during the speed sweeps, and these are summarized in

Table 8. It should be noted that the lowest frequencies would be most

influenced by the tiedown configuration. No effort has been made to

identify the airframe modes excited since sufficient data were not avail-

able. No resonances were observed within or near the normal operating

speed range during the ground runs and in subsequent flight tests, indi-

cating that the modifications made to the aircraft have not adversely

affected the airframe and airframe component dynamic response.
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TABLE 8. AIRFRAME/ACCESSORIES VIBRATION RESPONSE
FREQUENCIES IDENTIFIED FROM SPEED SWEEPS

Frequency

(c(v) Measurement Location

14, 30.7, 73 Tail Rotor Gearbox Longitudinal Acceleration

T.2, 13.8, 30.7 Pilot Vertical Acceleration

7.2, 13.7, 30.7 Copilot Vertical Acceleration1

30.7 Pilot Loigitudinal Acceleration

51 Tail Rotor Gearbox Lateral Acceleration

42 Generator Vertical Acceleration

80 Main Rotor Gearbox Lateral Acceleration

45 Generator Lateral Acceleration

23.2 Tail Rotor 900 Gearbox Vertical Vibration

4.2 FLIGHT TESTS

Table 9 presents a log of the flight tests conducted for airworthiness.

Eleven flights and approximately 11 flight hours were involved.

Flight tests were conducted over the operational speed-altitude envelope

at gross weights and c.g.'s to establish permissible loadings for the

icing test program to cover:

a. Crew loading of four plus some added cargo -- forward e.g.

b. Crew loading of four (pilot, copilot and two observers), or

equivalent cargo -- assumed icing test loading.

c. Crew loading of three (pilot, copilot, and one observer),

or equivalent cargo -- mid c.g.

d. Crew loading of one (pilot only) -- aft c.g.
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TABLE 9. LOG OF AIMOVO$THINESS FLIGHT TESTS

Date Test Flight Hours Purpose Comments

1-12-75 8 1 0.2 Hover and low-speed Satisfactorily
evaluation accomplished

1-12-75 8 2 0.6 Sidevard and rearward Satisfactorily
flight accomplished

1-13-75 9 - - Deicing system check Satisfactorily
accomplished

1-14-75 10 3 0.6 Autorotation rpm check Satisfactorily
accomplished

1-17-T5 11 4 1.6 Envelope expansion at Satisfactorily
mid c.g. accomplished

1-18-75 12 5 1.6 Maneuvering flight - Satisfactorily

mid c.g. accomplished

1-18-75 13 6 0.5 Low-speed evaluation - Satisfactorily
aft C.g. accomplished

1-18-75 13 7 1.5 Envelope expansioi, - Satisfactorily
aft C.g. accomplished

1-19-75 14 8 0.4 Low-speed evaluation - Satisfactorily
forward c.g. accomplished

1-19-75 14 9 1.5 Envelope expansion - Satisfactorily
forward e.g. acomplished

1-19-75 15 10 1.1 Envelope expansion - Satisfactorily
10,000 feet - forward accomplished
c.g.

1-20-75 16 - - Check run without hub Satisfactorily
camera on. accomplished

1-20-75 17 11 1.2 Envelope expansion Elec. short
without hub camera; to ground
first inflight experienced in
deicing system oper- wiring to
ation; 01I checks blade heater

10.8 Total airworthiness flight hours

U1 Total nupber of airworthiness flights
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The test aircraft was weighed, and the balance was Qhecked prior to the

start of the airworthiness flight testing. Table 10 defines the veight

and c.g. for each configuration and the assumed icing test loading.

These loadings and the travel of center of gravity with fuel usage are

shown on Figure 33. Also shown on the curves are the stert and end

conditione of each of the airworthiness flights conducted. Tests

were conducted to evaluate handling qualities and structural loads/

dy.amic characteristics at each of the loadings identified as Configura-

tion A, C, and D.

Figures 34 through 37 show each of the speed-load factor conditions

tested. Noted on the curves are the operating conditions of rotor rpm

and maneuver conducted. The load factor demonstrated is equivalent to

a 4 5-degree banked level turn to 90 KCAS, decreasing to a 30-degree
banked level tuni at Vm. This is more than a practical usable maneu-

max
vering envelope for the UH-1H aircraft in norn.al operations. V

max

TABLE 10. AIRCRAFT WEIGHT AND BALANCE SURVEY

Pounds C.G. Stat ion

Basic Weight of Test Aircraft 6199 144.1
(UH-1H S/N 70-16318 as
Modi fied )

Plus Pilot, Engr. Observe? and 6661 141.4
Aft C. G, Ballast

Plus Full Fuel 8020 143.3 Config. D

Plus Copilot and 1 Observer 816o 139.8 Config. C

Plus Copilot and 2 Observers 8480 137.7 Config. B

Plus Copilot, 2 Observers, and 8825 135.0 Config. A
340 LB.
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demonstrated was equivalent to ".he published VNE in the Operator's

ManualI. Very little if nny differenoe was noted in the heaidling/

dynamics characteristics from the basic (unmodified) UH-lH.

Data were obtained at - hover height of approximately 2 to 3 feet and

were within the hover torquemeter check requirement toleisane of the

maintenance check flight as set forth in the Maintenanoe Manual(2)

In level flight, data were obtained in the 70 to 90 KCAS range at an

altitude of 5,000 feet. The results reflected scme data scatter and

indicated an increase in equivalent flat plate area of 2 to 5 square

feet when compared with the level flight data presented in Reference (2).
These data &1re considered to be semiquantitative since there was

no performance baseline established with the unmodified UH-lH test air-

craft, This drag increase does reflect approximately the increase in

power required of the test aircraft due to the installation of modified

main and tail motor blades, two sets of external sliprings, a hub

camera, and two roof-mouited ice detectors.

Envelope expansion testing was basically conducted in two parts for

each center of gravity location tested:

a. Hover and Iow-Speed Flight: These tests were conducted from
hover to approximately 50 KCAS at fiold elevation (2,350 feet).

(1) Anon. "Operator's Manual Army Model UH.-lD/H Helicopters, TM 55-

1520-210-10, 25 August 1971.

(2) Anon. "Organizational Maintenance Manual Army Model Uli-ID/H

Helicopters; TM 55-1520-210-20, 10 September 1971.



b. Inflight Testý: These t*,'.' were •c..:•'ur•t- at a Vreeg-ure
altitude cf ap•!r x--xlnat,":y r,,ý)N fee" ,'.. &I"-. . ' e-. - .- i• &*

speeds frer. 90 K(A.7 :z :.. max "A *:w

corducted at a O.g. 1.Oat ior. othoser. c... t,'. baft!! i f tt*.-" :'.:.

obtained at ,30C feet. c .-. lcadi!.e wa: f'uz. "c le
critizal, the tests were c.ýzducted at t*.e heav'e't ?, 7rm..

loading and resultaz.t c »atizt..

The actual conditions evaluated durii~g hover ar._ lcw-steei fil-h. a!.! f, r

inflight testing a-e listed It. Tablez II ar.1 1. , rez-pe.'t'vely. A h. 'r-
worthiness tests in hover, low-speed, and forward . were .

in a buildup fashicn, inc.renerntally '.creas. .e t -:Ce ef -• .-

input in ea I axis ur.ti.l the respcnse -f the a'r.-ra.t wa- r.cre t.

sufficient to evaluate damping, ccntrcilabi:'ty, arA. ecn.tr: l ',.

Sidevard and rearward fllzht char.cte ''t were eva>uated E'.L

calibrated pace vehicle to deter.ir.e the actual •.peedi f_'r 'cnf'e"ra-

tions A, 2 and r. -he ccntrol .ction= ai.d 'espc:.se ir. tra:.:::a. ,i.1

the contrcl margins at speeds up tc '0 kr,c's 1i. Ziideward and rearward

Olight are s."ilar to thcse of a standard 7VH-iH ;e'-opter. A';tort' av. .

entries wtrt 2onducted over a speed r.r.ge from L ap T aprcximatey-,-

106 KCAS at .1,000 feet for each c.g. configurati:r. *ezsted and fret. 40

to 90 KCAS at 10,000 feet, and rotor speed rpn cc!.trcl i. autcrotatic:.

was satisfactory at all conditions tested.

The assessment of handling qualities f-- thi moiifled "h-lil he icoter

was cased primarily on qua~itnt•v', evaluatior. by the pillc whc recetived

his familiarization training in the standard 'H-Ih he'iAopl,,r J" pricr

to this test program. As part of his trainirg. *he yilc, flew ths s.-e

basic flight cards that were used in envelope expan.soor. of *he

modified UH-IH helicopte.- (this provided a baseline for cornpario.on wi.h

each planned test condition). In areas where the f2o, meon.-.e? 0'cu3j

be compared with published test data, trends .•f control not0on, ar.d

response were verified. The pilot's conrt:.ts or the modified ccnf'igura-

tion are contained in Section I4.2.2.
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The load factor - airspeed eriveloper presented in Figures 34 through 37

were also expanded in as. ir.cremental manner. The load factors at each

speed vert obtai.ed by V-rformiug rollercoaster, windup desoending turns,

WtA constant-altitude turns. No evidet.ce ol blade otall, ms would be

irtdic-ate by increaoing, vibration levels, was reported for any of the

high p•c•itlve lotA factor maneuverirg conditions. Handling qual1tlej

were also eval,iattd durlt.e typlýal operationral flight conditions such as

,ulrbs, powerel1 le.'-er.ts, cti;torotatior.s. power reccverles, rolling

ul, bocs'-,ff cjera". *., and tcrint-to--cIr.t rolls. Th, flicht

4'.,alities ari ccrtr:. .. argzr.s of "he molif!el "H-i helicopter are cor-

ollered to be saotsfact.'ry over the tested flight envellce'. for each

weight arn1 cer.ter of gravity configurat'or..

",'ea:Ar*mer.t: were ,.aie 'c evaluate the boost-off forces with the modified

blades 1-uo to "he ret%*1%N-iy high forces of the basic UH-IH and the cor.-

zern over t*: effect (.f blade e.g. st.ift due to the deicer boots. Design.

hha•r•e: were in,':ýrpz:ra'edi in the modified blades to speciflcally achieve

equ!valent cr 17wer -'c:lective forces.

Collective handle forct, vers'as collecttlve ;ositior. taker, ir. flight at

70 kncs is shcwr iz. F.1gures 35 and 3. for the standard blades ail the

modified blades, respec ively. These data show the following comparison:

Sta,.dard Plades Modified Blades

a. Collective Position for 3- 30%

Zero Force

b. F)rce Gradient (LB/percent 0) 23 14

c. Pull Force To Reach 70% 86 lb 57 lb

d. Push Force To Reach 0% 76 lb 42 lb
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40a, , ai. +t or I.,t u r,~ I o t .1,to *.tit . -icvw, (put. ) t'- rt~u r#-.l'I 4 rod r o r'u 1,

fi~ 1,- ii w,. 1eo : I v,. , ,. flr 1!n 7f, 'rn' I, 't ( 1ý re Itc . A.) :ht ' I

or a 0- rpi'a.- 1 -n Ir.e *~ 1;, ax I mijr, vru., v 'wI; ' i . off" ':

*" e It'. "he po~~ir ~i r~tx.v; thfe ruc lm¶ ti r orc c*x~ .L" i.f

cv: ~~ ~~ ~ ii-L.r !..4hC'VI, 1:,1I'r '*.;, wr?~t'rJir

t *1e lc'v. * t: -.h. hcw tit. I rtervt:'.,* ft 1.0- 1'ft?

e?,o I t t r. ier~ y t.If h ~i ,,v ~ ei~

t:tf'~ ~ I -dMr. !% f IIel

a. ~'~c tfr ?',rc F'cr-e

The unuo4a1 or hyoterezo I.- I 'copf f,-ir;,e vtr:. 11 m .

* o .he 1,,,!k a!-1 I.nl i :''en ,' f!e*-i,1irre ~il&~

cff~ operation..

All the ma~r r,-!- loml.zi n-.t'zs~r. - '::". wero wt,. ur*

the lotads ?reas>1roK or-. th h- ,Oanlard urAmotI I f ci r *r -!.: t" ' !

rotor ,tfbtdy lind -'ycli~c' loads we~re dftert-.' fruý, ht 'ot'six~el ),, ! hc

stan~dard aircraft OTHl-11D) for which data were. avftilade.:'tp'tr':

showed the following relative to starnda-d alrernftf: 0 ) i~r~~ t

miean chord bending at staticzs 11, (.') Increase. In ot~ih1 hiory :ho~rd

bendin~g at station 11. at a griven spc-ed, anti (3) equzal or Plighily lowe~r

flap equivalent bending at station .31.5.
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Figure 40. Boost-Otf Collective Force During Ground Tiedown Test

With Deicing Bootx Tnstalled.
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tý, 11ght~.1y heavier, a hir~ It. c''i hc'rl mcmjei.* 1- to ex~ecl~eJ.
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1ae , tiley I cw er o Ic a f j e:. ?t]~ t A1 wtrf. W1" !* :.. a~. , wo.

fat I gue 1ir m .- e ab' e1f r 4 :tin 2i ar I~i t~' A r,-~*w - , w

the KI.~ iri f-")S ,. ,It vIA.

ateA'erl V are I. i-rI ev t. o b ei .- a .- u

~4~1l wtr.

7 tLe MRa> r *. ' I f"i, t-, 1 '. ' 4 1 1 ! 1 ..k '.- 'r .

c-omrparii:-r. :.r':L '-i : r-e:r *I~ .! ý-..v ri~?rtVlr~ aro.,

A direoc.v.'rKay ~i~i LW: f~. y * w 1 r'

The tatil r'.* -r 1 pit, I. rtý :L'.,w'. %,- t'. ... (t* . -r o,'r; ur:,

T irT~ ev -[P fl-! !h~ + Ii f at. i itrd a , r,,r %~ ajre. '

pclrnt '"he n~ix Ir.'m Ileve I -fl I gh* spee- Fit A w -i~ve r t rit..t "a'I

o)blaII'e1 or-. tile 'ao 1 e ltde art- r.!rk- i- *:. ,- f-4-x.r' A! I oym'

load_- are withir. the ran#;* experienced previowlry.
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ALL DATA AT 324 RPM IEXCIPT FLAGGIED- YMOOLS 315 RPM

oo= TROIM PLIGHT OR WT 943 LO. COG. 133.4 ON,
&~ AUTOPOTATOIGI IPITRYIo3 PILOT PUELC4JT. ROLLIRCOASTR. W1~U TURNS. TURNS

0' R00"T 910E WARD PLIGHT NOTE MAX TRANSIENT CYCLIC MOIIENT
40AM 0 LE FT 0 SIDESARD PLIGHT STANDARD 00 %D1 * 7S.US IN0LI

g 0 REARWARD PLIGN.T

ý0 0 TROIM PLT

0 STANDARD 21L.^O

0

UP NOTE MAX MOMENIT
IUDamSTANDARD SLADE S IN 14 L@

0
a coo0 0

0

000 TRIM
0 $STftANDAR LADIE

30,00

1.3

030 48 a a meU 130 140

CAS, IT

Figure 1bl. Main Roto." Flap Bending M~omnert at Statvon 3ý5 Withi
Deicing Boot Inxt~alled 5,000 Ft. Altitude.



ALL CATA AT 324 RPM EXCEPT FLAGGED SYMBOLS - 316 RPM

o TRIM FLIGHT

A AUTOROTAVION ENTRY

2W000 0 PILOT FEE-LOUT, ROLLER COASTER. WINDUP TURNS, TUtNS

C0 RIGHT SIDEWARD FLIGHT

-- LEFT S DEWAklD FLIGHT OR WT. 340 LU, L. 133,4 IN,, 8,000 FT

o REARWARD FLIGHT
IM000

NOTE: MAX TRANSIENT CYCLIC MOMENT
STANDARD SLADE - 330.000 IN.•L •

t ,o.ooo ,- •[[

, TnIM STANDARD
u •BLADE 295 RPM

0

TRIM

0
NOTE: MAX MOMENT

STANDARD BLADE - 1I0.000 IN.-LI TRIM FLT
STANDARD BLADE

295 RPM

20,m •0

• I I I IL1 I
20 40 o0 8o 100 120 140

CAS, KT

Figure 142. Main Rotor Inplane Bending Moment at Station 35 With
Deicing Boot Installed - 5,000 Ft. Altitude.
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60.000 GR WT 11MD, CG. 134.4 IN. IU,000 FT

NOTE: MAX TRANSIENT CYCLE MOMENT
STANDARD SLADE 75,000 IN.-LB

" 40.000
_Z~~~ [ i ,TRIM STANDARD

SK BLAOIE LOW RPM

0 0 ii iTRI

200.000E

0

NOTE: MAX MOMENT STANDARD
iJ BLADE 95,000 IN.-LB
oc g 80.000

U. z

I-
0z0

40,0000

20.000

TRIM

z 0

C 0 A A

-20.000 - TRIM FLIGHT

& AUTOROTATION ENTRY

O PILOT FEE LOUT, TURNS

-40,o0o I I I I I
0 20 40 60 D0 100 120 140

CAL, KT

Figure 43. Main Rotor Flap Bending Moment at Station 35 With
Deicing Boot Installed - 10,000 Ft. Altitude.
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OR Wr 10W LIl C.G. 134,4 IN.. 10.= FT
ALL DATA AT 326 RPM EXCEPT FLAGCED SYMOOLS - 315 RPM

o TRIM FLIGHT

zoom• A AUTOROTATION ENTRY

03 PILOT FEELOUT. TURNS

NOTE: MAX TRANSIENT CYCLIC MOMENT

I0.000 STANDARD ISLADE - 300 IN.-.L

0 00

1000o- B 0 TRIM STANDARD SLAOE
LC.W Ram

8.00.0 0 0 0

0 TRIM

40*10

0
NOTE: MAX MOMENT

STANMARD SLADE - .811AM IN.-LU

0 20 40 s0 U 100 123 140

CAl. KT

Figure 44. Main Rotor Inpline Bending Moment at Station 35 With
Deicing Boot Installed - 10,000 Ft. Altitude.
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r0
0 Q I H 17r FT. 24 .414 30nA INm.'

0 fYM PULLOUT. I.S.310". ýMI M
60.000 000 LU. 2100 FT. C.0. 130.0 IN.

01,9c. MANEUVERS

ENV&LOPE OF TRIM PLIGHT LOACS

d40A00

00

0 A i i IRpm

100.00=
Ro

0

00

40.000

o 30 40 a0 t 1oo in 140
CA.o KT

Figure 45. Main Rotor Flap Bending M4mettt at Station 35 With Standard R~otor.
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0 03
330AM

MOMIS Q 8Mr PULLOUT. 2i1.12-. 324RPM 0
SLI. 3MG FT. QGO13 WN.

o 8M PULLOUT. 1.7W.U. 324 MM
, IL3. 2, PT. CO. ,M 1,.

.. i ENVIWLOP OF TRIM IUG•T LOAN
i

1630M

0

140.mo-I

• 0 40 l Sm mer 123 ta4
CAU. KT

Pigate 1.. ?biln IRtor Inp~Imi Buending Mment at Station 35
With Stanb~krd 1tor.

110



ALL DATA ARG =40 RINP T 1X1 LAGIND SMOLS 31S RIPM
ON WF I IL CIL 132A ON.. USS PT

A AUTORODTAIMON ENTRY

o3 PoLOT PUsaLOT. ROLLERCOmIR. NwOuP TURNS T~mS

RIGHT SfhOARD rLIGWl

o AARIDO LIGHTf

40AN 0N01E: MAX TRANSENT CYCLIE
=40191 MOMENT I M=n fI.-ýL

STANDARD IOAPE

TRIM FLT STANDARD
20AW ULADIE

A ~ TRIM

10.NWT WAR FOR IEAD
~N WNW IOT "T OP TRIM

3.USIN*LS

0 20 40 a U 0 120
CAL KT

FIPJ.Sre h7. Main Roctor Flap Baninig Mammnt at Station 150 With
Deicing Boat Insxtaled - 5,000 Ft. Altitwie.



ALL DATA AN 99R 11= INP OLMAb YOL '"K 315 OM

A MIOOAIN mUi

.1m Max TRUSSUT CYCLIC Woom
MOM 11,FANDAKO GLADE - SUN W43
S1TANDAMNO SAS

OfA VT USM CCS 13L4 0. 1A PFT

0

25 0 NOTE NOT soE~U P0"sD nI
MO~~mUTI OPOCT~4

0 25 US 13112



p=

ALL DATA ARE 33 WN EXCEPT FLAMOGGD SYWtOL 31S iPM
0 TOtM FLIGHT

A AUTOROTATION I mVRY

o PILOT PGILOUT. POLWIKO1MOT. USNOUp TUR N

0 NEFT WORIl O FLIGHT

LEFT RARWARO FUONT
S0 AGAIIIIIAN FLIGHT

NOTE: MAX TRAM ENT CYCLIC NOiONG
MOMENT STANDAnO KLAME - IUS. *.,4J

18UAO

1400O ~OR WTUITGM LIL CO. 13&4 IN1, sLm FT

120A00

3

00
SDAo

40*00

aTRIM
*20A00

-20A100
0 30 40 so so 100 120 140

CA&. KT

Figure 49. Main Rotor Inplane Bending Moment at Station 150
With Deicing Boot Installed - 5,000 Ft. Altitude.
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ORwVTUK C.0 13I.4 IN. lGll Pt

ALL DATA ARE RPM W SXWPT PLAMGD SYIUOLS 315 RMU

0 Tom PUowv
&~ MDTOROTATIOU1011111

o PILOT FPULOUT. TURN

NOTE: MAX TIAMUSINT CYCLIC 0N4000

MOENNT ITANUMAo SLAMI - 198.40 IL42

0 .

"30M

00
s~qn4

O m0

2• II A

0 U0 4O UO 1. IU1
CAlLKT

Flgur. 50. Main Rotor Inpian Bei• Moet at• Sta tion 150 With
D~eicin floot ITnutalle4 - 10,000 Ft. Altitu~e.
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Smgc ~m~n

- W•LON OP TPL PHT LOAD$

i WIG

SF " I0
o i 40 a u s ini 10

CA& K

Flciu 51. Min Rotor nlrap Doming o at station 150
With 8tan•ad Rotor.
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O LT TMN. 2.W. 0". 38 Of O U I M PT. CI. IU em.

IN M

mm- 0

0

.now a a In 136 mm i

Figure 52. Hain Hator Inpiane Dsolug Mamet at Statio1 150
With Standut Rotor.
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ALL DATA AME 33 N RPXM N PT LAGGED 8YOIS U SL * 1RP
GP. WY. IAL9 C.. 13&4 RI, SAM PT

o TRIM LIGHT
A&TOUWVATION ENTRM

PILODT FUILDUT. fOLLeftaos"A. WOWP TwRN ?U~8 IGHT $1ShhAD PLIGHT
V7 LEPT maIARO PUG&T

O REARORDPLIGHT

20AN

0

ZTRIM

o 2 41 e

OUA KY

Figure 53. RLin Pator Flap Bodi1ng Moment at Station 2314 With
Deicing Boot Installed - 5,000 Ft. Altitude.
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ON. WT. UM CO. IMA4 PC. 11A PT

AL L DATA AM ;6W I £NCWPT PLOb $"AWLS 311 PION

TR3M PLOIOTMLow I.T

PILOT PIILOUT. TUmm

I 2 iOAU TRIM PLT STAKDAND SLAOE

T

2m•

I II I . I I
20 40 a I0 100 30

CAL OCT

Figure 54. Main Rotor Flap Bending Ment at Station 234 With
Deicing Boot Installed - 10,000 Ft. Altitude.
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F~ue55. M6i14Rto Pl up~l DeMPBuing Minert at Station 2314
With Stmazaad Rotor.
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GOR WIT O LS. CO.G 133.4 IN., I.000 FT

ALL DATA ARE 334 RPM EXCEPT FLAGGED SYMBOL$ - 315 RPM

0 TAIM PLIGHT

A AUTOROTATION ENTRY

0 PILOT PERLOUT. ROLLER COASTER. W.NDUP TURNS. TURNS

0 RIGHT 1OE WARD FLIGHT

C7 LIFT L IOEWARD FLIGHT

oC REARWARD FLIGHT

3000 NOTE: MAXIMUM TRANSIENT CYCLIC LOAD

STANDARD BLADE - 2490 LI

2000
S

LI
TRIM

)- 1000
U

2000

1000 TRIM

* V
;i 0

,ooI I I I I I I

0 20 40 s0 s1 100 120 140
CAS, KT

Figure 56. Main Rotor Pitch Link Axial Load With Deicing Poot
Installed - 5,000 Ft. Altitude.
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GR WT 8580 C.G. 134.4 IN., 10,000 FT

ALL DATA ARE 324 RPM EXCEPT FLAGGED SYMBOLS = 315 RPM

0 LEVEL FLIGHT I
& AUTOROTATION ENTRY

Q PILOT FEELOUT, TURNS

3,000 NOTE: MAXIMUM TRANSIENT CYCLE LOAD
STANDARD BLADE 2450 LB

- 2,000

STRIM
1,000

0

2.000

U

"5 TRIM
2i 11000

0 AA

-1.000 I I I II
0 20 40 60 80 100 120 140

CAS, KT

Figure 57. Main Rotor Pitch Link Axial Load With Deicing Boot
Installed - 10,000 Ft. Altitude.
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I Y O UL L.OUT. 2.1/.12 G-. 324 RPM. ISC L8. 330 FT. C.6. 130A IN.I

NIM ULL. U DAUERSN UOOAM 2,411.21 G6. lU LUS. 300 FT. C.G. 130.0 IN.40 MS. MANEUVERS

3000

03OOO

-j

0 O

2000

S¢
o v o10010$

0 20 40 so0 so 110 0 140

CA&KT

Figure 58. Main Rotor Pitch Link Axial Load With
Standard Rotor.
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GR. WT. 0420 L8, C.G. 133.4 IN.

0

NOTE: MAXIMUM TRANSIENT CYCLIC MOMNT

1000

120 ANAD0AE20 NL

sw TRIM

0 TRIM FLIGHT

SAUTOi.IOTATION ENTRY

o 0 PILOT FEE LOUT, RIOLLERCOASTER. WINDUP TURNS. TURNS
RIGHT SIDEWARD FLIGHT

SLEFT S&DE WARD FLIGHT

a0 REARWARD FUGHT

0I

FWD 20 40 60 ID) 100 120 140
CAL, KT

Figure 59. Tail Rotor Inpiane Bending Moment at Station U1 With
Deicing Boot Installed - 5,000 Ft. Altitude.
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46P.

GR. -'r. LIU. C.G. 134.4 ON.

:* 0 8 "

SNOTE: MAAXIMUM TRANIDENT CYCLIC MOMENT

STANDARD SLAOE - 2M I..-LO

SALL OATA ARE 224 RW M EXCEPT FLAGGEO SYMOOLS - 316 RPM

0 TRIM FLIGHT
A JMJnOWTATO IENTRY

I I 1 10 PILOT FPELOUT. TURN

sm

0 0

3WR

030 40 aO a IN 130 140
CA& KT

Figure 60. Tall Hator I=p3sa. Bending Moment at Station U With
Deicing Boat Instaled - 10,000 Ft. Alitude.
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aR WTU20. C. 13•4 IN.. SU FT

4M

\m

0a

o TROM FLIGHT

SU -•, AU10ONTATION ENTRYo) PILOT FEELOL#T. ROLLERCoAS'ER. UWOU TURNSI TURNS

C RIGHT UiEWARD FLIGHT

÷16i V LEFT UI]EWARD FLIGHT

o REARWARO FLIGHT

ALL DATA ARE 334 RPM EXCEPT FLAGGED SYMOI.S - 311 WP
* MEAN LOAD IS LEFT PEDAL IPMITIVE SLADE ANGLE I

0 0
•13

0-4

-e I I I I I
0 n 4 so U 1"0 120 140

¢CA1L XiT

Figure 61. Tail Rator Flp Bending Mment at Station 24 With
Deicing Boot Infftlled - 5,000 Ft. Altitude.
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GR WT U L& CG. 134.4 IN.. I000 FT

0
ALL DATA AME 334 RM EXCETF FLAGGED UVUOL - 316 R

2M -TRIM FLIGUT

& AUTONOTATION ENTRY

0 PILOT FEELOUT. TURMN

I-W

tIm

TRIM

0 13

0 aO 40 so "0 10 140

CAl KT

Figure 62. Tall Rotor Flap ending Mmet at Station 24 With
Deicing Boot Ina1tel - 10,9000 t. Altitude.

126



GR WTIS W= L6, C.G. 133.4 IN.. 5.000 FT
ALL DATA ARE 324 RPM EXCEPT FLAGGED SYMOLS * 315 RPM

0 TRIM FLIGHT
46 AUTO ROTATION ENTRY

] PILOT FEELOUT. ROLLER COMfiR. WINDUP TURNS. TURNS

4RIGHT OEWARD FLT.
LUEFT SIOIVINARD FLT.

4a0 <> liGlAmR111 FLT.

410 .0

2w2

93 TRIM

200

F+igure 63. I

Figre S.Tall Rotor Piltch Link Axial Load WZith Deircing
Boot Installed - 5,000 Ft. Altitude.
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GotIRWe Le, C.G.A. 13M t USo PT

ALL DATA AMRE =6 RM 9XCPT FLAGGED 2IVUSOLS - 315 RPM

C)TRI FUIWT
A AUTOATATION ENTRY

0 PILOT PEEL3IDT. TuornS

0

-210 E3 . Ir I0

a 3 As a as m 125
CAIL OT

Figur'n 61&. Tail Rotor Pitch Link Axial Wad With Doeiing
Boot 1T1ItA1JA - 109000 Ft. Altitude.
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Time histories of main rotor blade loads at 107 knots CAS are shown in

Figure 65. The time histories show the harmonic content of the loads.

A similar set of data for tail rotor pedal sweep inputs and level flight

is shown in Figures 66 and 67.

Tail rotoi dynamics were also evaluated during the airworthiness program.

As indicated earlier, the predominant tail rotor chord moment response

measured during the ground run was at or near the inplane natural fre-

quency. Figure 68 is a comparison of time histories of measured chord-

wise bending moment response at three different i-lrspeeds: hover, 50 KCAS,

and 101 KCAS. It is seen that these data still exhibit some response at

the Inplane natural frequency of approximately 1.6P to 1.7P, but the

respornse is predominantly iP with some 2P. The source of the response

at the 1.6 to 1.7P frequency has not been identified. However, there

was no apparent change in its characteristic during the flight program

at Edwards and at Moses Lake. The installation, therefore, is considered

satisfactory.

The generator lateral and vertical vibration were also deterrined and

found to be below the 5g limit for 0 to 40 Hz and the lOg limit for 40 Hz

and above. The maximum vibration ampl,.ude occurred at the rotational

frequency of the generator (6600 rpm at nor'.al rotor speed). The ampli-

tude of response at this frequency was + 1.5 g's. There were also bursts

of vibrition that occurred basically at one-half the rotational speed of

the generator. These resulted in a maximun level of vibration response of

the generator of + _4 g's at infrequent intervals. The steady level of

vlhbr.tion due to both frequencies was of the order of + 2 to + 3 g's.

Lateral vibration on the top of the sliprings and on the hub below the

sliprings was measured with the hub camera removed. The predominant

vibratory response was at frequencies of either IP (5.4 Hz), or IP

(5.4 Hz) and 7? (37.5 Hz) combinea. The maximum iP (5.4 Hz) vibratory

response was encounted during transient pulse type maneuvers, and the

maximum recorded vibration levels were 5.3 g's on the top of the sliprings,

1.29



LEVEL FLUYH MOL IT 6 KCAS
167KCAS

w~i MOTOR IMPLANGN ND @ MOM.AT .TA. 31k

40Toms FLAP

inS MOM. AT OUTA

NMA -0T 0 LAP
OrNO MO. AT IA. IS&

MA ROTOR FLAP
MNDRWWOM AT WA- 33

MAMNROTa. PTCN
LINK AXAL LOAD.
&M. LVhN.

\MAIN ROTOR PIP0. 1 NAM MPWD

32 RMW. a On LST 3653.C. 1314 IN., I0.M FT
MOS CNG SOOT INSTALLID

rigure 65. Tracing of Main Ileter Load During Level
Flight and Palms Input..
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[ H"OVE R
,l I N..LII/IN.

TIESTI 11-12.711

ti

U KCAS LEVEL FLIGHT

2 IN.-LIIN.

-T 1" KCAS LEVEL F. gGHT

T14 1.13675

TAIL RlOTOR 11P IDO I SADI PWOI

0 1 0.Q2 0.3 0.4 0.1 0.6 0.7 0.1 0.9 1.0

Time. SIC

Figure 68. Tail. otor Inpiane Bending Moment Dýnmic
Response With Deicing Boats Installed.
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doib le failurc eit uat Ion. The mod fied oloctr'Io~ et e oiro c
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1Hiridlitig Qualitle.-
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dard main rotor anid tail roltz~r 111y ete h Iretf ta ni cn~t rol

rrarg ino in all1 flight. mariouvero ttee ted.



Vibration Characteristics

The vibration levels in all flight maneuvers, loadings, arid c.g.'s tested

are equal to those of a good flying UH-lH with the standard main rGtcr

and tail rotor systems.

The increase in the vibration levels with an increase in "g" IoaaC. appearz'

to be a little slower to build and not as severe witn the modified rotor

systems.

Boost-off Operation

Collective forces are much less with the modified rotor blades than witri

the standard bld les. There were no problems in moving the collective

control from flight position to 0 psi torque and up to h8 psi torque.

Cyclic forces appear to be less and tne feedba.ck loads reduced, which

gives a smoother movement of the cyclic contro'. Tail rotor forces

appear to be a little higher, but no problem was experienced in

obtaining full travel in both directions. Although the tail rotor

forces are a little higher, -he aircraft is much easier to fly thar.

the standard UH-IH with boost-off and can be handled without requiring

any assistance from a copilot (as a result of the reduced force require-

ments on the collective and cyclic controls).

Autorotation

Power chops were accomplished with' all loadings and c.g.'s tested (from

h5K to 111K) at 5000 feet and fr.:- OK to 90K at 10,000 feet with no

problems in control of the aircraft or rotor decay.

Py count, a 1- to 2-second delay was used before taking corrective

action on the controls, and a moderate rate of movement was used to move

the collective to the down stop. The rate of build in rotor rpm was

good without havin, to load the rotor to increase the rate of build in
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rotor rpm. At hibh gross weight, a small anount. of up-eollective har $r,

be used to contrc± the main rotor rpm in autorotati.ot des'ent.% th'r

also appears to be a normal condit ion in the sta,,lar.! !T1-lH.

Collective 3yste,-. Elthtr

On the round and with the collective corntrcl or, the dow-stop, the

collective boost cylinder dithers and feeds a control in.put i!.to the

main rotor, causing what feels tc be a moderate 2-cps v""ratlhrz. The

vibration will stop with a small am.ount of collective up off of the

downstop. The vibration will stop when the hydraulic boost is" turned

off, arid it will start up agair, whey. the hoost is tur'.--d f;- !f tle

collective has not been moved from the position that causes the dither

to start. This conditicn was not encountered in. flight with the

collective on the downstop or with attempts to trigger it wih small

abrupt collective inputs.

h.2.3 Engine Inlet Screen blockage

Also obtained during airworthiness testing was the effect on e.%gine

plenum pressure of a partial blockage of the engine inlet screen since

it is expected that some ice would form. on the screen based or. past

experience with the ailrcraft in icing. A baselile was obtained as a

function of collective position for the unblocked UH-lii side air inlets.

Then 50 percent of the side inlets were covered with heavy canvas on a

diagonal from the upper aft corner to the lower forward corner (see

Figure 69). The results of these tests, which are presented in Figure 70

and include the effect of inlet blockage on engine operation, show aw-

increase in inlet screen differential pressure of 2.1 to 2.7 in. of H_1.

In level flight, the unblocked engine inlet screen &P measured 6 - 7 in.

of H ý and 8 in. of H20 with climb power. A delta Increase in engine

inlet screen differential pressure from these values of 2 in. of HP(

would be an indication that an engine air inlet screen blockage equiva-

lent to 50% of the side screen area was being experienceu. It
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estimated that the plenum pressure could be allowed to be 27 inches of H 2 0

(approximately 1 psi) below ambient before causing a structural problem,

as the plenum bulkhead was reinforced for this program. (The structural

limit would occur before a propulsion limit since a 1-psi reduction In

compressor Inlet pressure would cause only a 6 percent loss in power at

sea level, or 10 percent at 10,000 feet.)

4~.2.4 Ice Protection System Clear Air Testing

Tests were conducted In clean air as part of the airworthiness testing

and prior to any tests to verify the functional and operational

performance of the ice protection system. These tests included

evaluation of the modified electrical system, windshield and stabilizer

bar heater operation, and deicing system cye~ting tests. A log of the

flights is shown ini Table 13. These tests were conducted on the test

number indicated In series with those shown in Table 9.

A discussion ci' general operation and problems encountered is covered

in SecA-.i!n 6.6 and 6.7 for the electrical arid deicing system.

4.*2.5 Rotor Blade Thermal Performance

As part of the system functional performance testing In dry air and to

assist w'th later correlation of icing tests, temperature-time histories

were cbtained foi four main rotor blade stations arid two tail rotor

blade stations. These are presented in Figures 71 and 72. Also noted

on these figures Is the power ON schedule for each zone. A comparison

with the predicted temperature use is also shown for these rotor stations.

The agreement for main rotor stations 45 (zone VI) and 178 (zone III) is
excellent and Is fair at main rotor station 101.25 (Figure 71). This

thermocouple is 0.1 inch from the zone boundary and is affected by

conduction through the erosion shield to the adjacent zone. Hence, thene

is some preheating from zone IV; but, conversely, there is also heat

dissipation to zone IV after it is deenergized. At station 83, there is
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TABLE 13. LOG (W ICE PROTECTION SYSTE CLEAR AIR TESTS

Date Test Flight Hours Purpose Coinents

1-29-75 18 - Deicing system check- Satisfactorily
out after blade wiring accomplished
repair

1-29-75 19 12 1.7 Dry air cycling and Main rotor
DII effects cycling o.k.

but tail rotor
not cycling

2-19-75 20 Deicing system Overheated
testing stab. bar

heater-dmaged
boot

2-21-75 21 13 1.9 Deicing system dry air AC generator
cycling dropout

problems

2-21-75 r2 14 0.9 Mod. config. familiar- Satisfactorily
ization flight with accomplished
Govt. pilot

2-24-75 23 - Track and balance - Satisfactorily
standard blades accomplished
installed

2-25-15 23 15 1.0 Functional check Satisfactorily
flight - Ferry config. accomplished

3-3-75 - - 3.2 Ferry flight to Reno Satisfactorily
accomplished

3-4-75 - - 5.8 Ferry flights, Reno to AC generator
Moses Lake reset problema

Total operating time on modified configuration - 34.4 hours

Total number of flights on modified configuration - 14

Total number of flight hours on modified configuration - 15.3
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a production break. Consequently, there is a l/i4-inc~h unheated area on

either side or the production break (to provide a trim margin). This

unheated area warn accounted for in the design on the outboard side by a

1/2-inch-wide heating element which is energized by current from the

comon ground return, thus providing heat whenever any of the outboard

zones are energized. The paver density in this area is reduced to 33 per-

cent of normal, however, to prevent overheat due to tie relative long

power ON time (equal to 5 zones). Thus, the temperature rise Is over

a relatively long period and is low relative to the other deicer areas.

The measured and predicted tail rotor temperatures are compared iii Fig-

ure 72. Two factors can be noted with respect to the measured values:

(1) the initial temperature level is significantly higher than predicted,

and (2) the curves exhibit an Irregular shape. Thus, it appears that the

measurements were affected by electromiagnetic interference (E~IG), but

it is not known how this influenced the signal strength. It Is also

believed that the tail rotor i3 heated to some extent by the engine

exhaust* and this may account for some of the difference between mecas-

uremenits and predictions.

4~.2.6 Windshield Operation

During the dry air testing at Edwards, the windshields were operated satis-

factorily at 160, 200, and 230 volts ac during both ground and flight tests.

The windshields appeared to cycle norm&13ly, and there were no Instances

of voltage shutdown due to an overheating condition.

The left windshield operates at a slightly higher temperature than the

right windshield and ha-- a slightly longer power ON cycle time. The

temperature difference was noticeable to the touch and along with the
different Oil time is probably due to the difference in temperature sensor

locations between the left and right windshields.
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Orcmd tests to detemline the wdtini• beating riquiraents of the left

winduhield W". CMsuted at 50-_ 10- @ad 160-volt settings of the Variac

control. Th. results of these tests were considered to be inconclusive

due to the lower t1 required to establish a stable NIOTI cle t$i

at the high Nbent ,teqperturei during the powad tests.
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5.0 SIMULATE) ICING TESTS

Evaluation of the ice proteet.ion system was conducted in forward flight

under simulated icing conditions flying behind the USA AEFA CH-47

Helicopter Icing Spray System (HISS). The test program vua conducted

at Moses Lake, Washington during the period of 12 March through 31 March

197T5. A log of the test activities during that period it presented in

Table 14 and Appendix A and shows that 12 icing test flights and 14 main-

tenance flights were made. The maintenance flights were accomplished

for rotor tracking after blade change and troubleshooting intermittent
electrical ground 3roblems. Deicing data points were obtained on nine
of the icing test flights. Icing test conditions ranged from -5°C

to -200C air teverature. TrBt temperatures were obtained by varying

the test altitude from approximately 4000 feet to 10,000 feet. The

liquid water content of the water spray from the tanker varied from
3 30.25 g/ml to 0.75 g/m . As the temperature was decreased, the maximum

liquid water content tested was decreased to encoZpass the probable

combinations of OAT and LWC.

In general, the ice protecticn system performance was considered satis-

factory. Windshield and staIllizer bar anti-icing appeared completely

effective. Although no tail rotor blade icing was experienced (page

163), the blade deicing heaters were cycled to gain operational

experience on the complete system. Main rotor deicing was conplete

under most test conditions. Under some conditions, deicing of ti e

inboard 6 feet of the blade leading edge was not effected even though

the heaters operated properly (page 161).
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5.1 OPERATIONAL TEST PROCEDURE

The following test procedure was used during the simulated icing

tests at Moses Lake, Washington.

1. Each flight was preplanned with the icing conditions selected

for evaluation, with a set of alternate conditions available

if alterations to the flight became necessary.

2. YOrior to the test flight the fixed-wing weather survey

aircraft conducted a L,'mperature-altitude check to find

the altitude for the selected test ambient temperature.

3. A preflight briefing would be held for the test crew, chase

aircraft crew, HISS tanker crew, and rescue helicopter crew,

with other interested personnel in attendance.

4. After the briefing, the crews boarded their aircraft, took

off, rendezvoused, and flew in formation to the test area.

5. Upon arriving in the test area, the HISS tanker stabilized

at the altitude required for the desired ambient temperature

and started the water flowing at the rate required to obtain

the desired liquid water content.

6. The test aircraft then took a record in trimmed level fl~ght

before entev ing the icing cloud (Figure 73).

7. The test aircraft next entered the ic.•ng cloud behind the

HISS tanker and stabilized at approximately 80 KCAS at a

distance of 120-150 feet behind the tanker. This distance

was monitored by a rearward-facing radar altimeter in the

tanker, and the test aircraft pilot was informed of deviations

from this distance by radio. Figure 74 shows the test aircraft

operating in the spray cloud relative to the tanker.
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8. After remaining in the cloud for the designated period of

time, the test aircraf• exited the cloud and took a record

in trimad level flight. The chase aircraft then moved in

and observed the ice accuulated on the test aircraft, and

the photographer took pictures prior to the deicing cycle.

Figures 75 and T6 show the UH-lH in the spray cloud as viewed

from the side and from the tanker.

9. When the external observations were reported, the deicing

cycle was initiated. The observer in the chase aircraft

visually noted any ice leaving the rotor, and this was also

recorded by the photographer with a high-speed camra. If

the chase aircraft reported that there was ice remaining on

the blades, the deicing system was recycled.

10. After completion of the deicing cycle the test aircraft took

another record in trimed level flight outside the cloud to

establish a base for the next cycle.

11. The test aircraft reentered the cloud for the next test

condition, and steps 7 through 10 were repeated.

12. After the ccnpletion of a given flight, the four aircraft

returned to base.

5.2 ICIL;Z TEE.T CM."TTIONS

The simulated icing tests were conducted in test envelope expansion fashion

starting at Just-below-freezing ambient temperature (23°F) and low liquid

water content (0.25 gram per cubic meter). Information based on prior

Army testing in simulated icing conditions indicated that 1/4 inch of ice

would accumulate at the 40 percent rotor span point at this LWC and tempera-

ture in approximately 7 minutes. Using this as a guide, the initial deicing

cycles were initiated after exposure times in the icing test condition of 2,

4, 6, 8, and 10 minutes to buildup to the 7 minutes and bracket it. After

some deicing experience was obtained and the results were evaluated,
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8 minutes was selected as a reasonable OFF time for the 0.25 g/m3 LWC,

and this was ured as a basis for selecting the change In po.wcr OFF time

being inversely proportional to increases in LWC. No quantitative measure

of blade ice thickness prior to deicing was made other than an attempt to

keep the Atorque increase in the area of 5 psi or 20% to be consistent

vith previous test recommendations. As lower temperatures sndfor higher

LWC conditions were tested, the exposure time or ice accretion time was

increased in two steps to the established nominal OFF time. As mczntioned

under test procedures, each test condition of temperature and LWC was

evaluated by conducting a deicing cycle in clear air after accreting

ice first and then by evaluating two or more successive deicing cycles

with the appropriate OFF time while flying continuously in the spray

cloud.

The icing condition envelope that was the test target envelope is shown

in Figure 77, which also indicates the incremental steps used in reach-

ing envelope extremes. As can be seen, all but the high LWC and 230F

temperature corner of the envelope was achieved. Table 15 lists the

specific test conditions attained and shows the time in the cloud and the

deicing test cycle number. The cases where more than one cycle number

is shown are the cases where flight in the cloud was continuous for the

total time shown with deicing cycles accomplished every 8 minutes in

light (L) LWC, 4 minutes in moderate (M) LWC, or 2 minutes in heavy (H)

LWC conditions as appropriate.

The ice buildups which were obtained between deicing cycles can also be

related to protection against intermittent maximum conditions, as

defined in MIL-E-38453. The liquid water content associated with these

conditions and 15-20 micron voluie median droplet sizes is 2-2.5 g/m ,

depending upon ambient temperature. Since the deicing system is capable

of completing a cycle every 36 seconds (with the heavy setting) even at
o 3

-20 C, the ice buildup experienced in 4 minutes at 0.5 g/m is more than

representative of the ice buildup which might accrue during intermittent

maximum conditions.
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5.3 ROTOR BLADE DEICING

The effectiveness of the deicing system was determined during the tect

program primarily from visual inflight observations from the chase
UH-111 aircraft. A main rotor hub-mounted movie camera was installed on

the test aircraft as described in Section 3, but no blade plctures were

obtained due to an obscured camera lens or the viewing window of the

enclosure around the lens. The window had anti-icing provisions but

suiccessful operation with a clear window under low temperature arid icing

conditions was never obtained.

The blades were painted dull black with white stripes outlining the
6 heater zones to aid in the deicing evaluation, both visually and

photographically. Figure 78 is a picture of the blade in flight taken

from the chase helicopter that shows the zone boundary marking lines
iefining the six zones (zones are numbered I - VI starting from 'he

outboard end and going inboard). Close inspection of the photographo7

shows ice formed on the blades on zones III, IV, V, VI, with the cutLc:troz

edge just inside the zone III outer Loundary line.

Although good photographic documentation Is riot available, the excellent
observations of the USAAEFA engineering pilot/observer were detailed antd

specific. The right-hand column of Table 15 briefly summarizes perti-

nent observations/comlients made by the chase helicopter on each deicing
cycle. At all test conditions, good deicing shed results were reported,

although the results were not always consistent. In general, the deicing

of the blade occurred zone-by-zone as intended. The deicing was sym-
metrical in that the flight crew could not detect the shed except

occasionally, and then only a barely perceptible low-level one-per-rev

out-of-balance condition. Under conditions of -lO°C and below, the
delcing could be observed so distinctly that the chase observer could

call off the shedding by zone number in sequence, and the test aircraft

crew could correlate the zone sheds with the zone heater ON time
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lights in the control panel. These observations indicated that the

ON time could be rdue-d approximately 2 second@ per zone Thu a

simple test procedure is feasible in future testing To use in optimizing

the heater ON times.

At all temperature conditions, there was some residual ice near the

inboard end of the blade. This residual ice varied from about 12

inches of span at -5'c to 60 inches (me-half of zone V and all of
zone VI, the two inboard zones) at -10"C and colder. Repeated close

internal cycles of the heaters generally failed to clear this ice even

though the zone VI blade thermocourle readings showed that temperatures

as high as 53°C were realized. (The temerature was increased by

using longer ON times for succeeding heater cycles.) Figure 79 shows

typical postflight residual ice formation at the root end of the

blade. The blade heated area goes a&L the way in to within an inch

of the root end. It appears that the large water droplets of the spray

tanker cloud (150 microns) resualt in ice formation back of the heater

(chordwise) and on the blade grip clevis fitting and essentially bridge

the heated area and remain attached.

The 60-3nch span corresponds to the doubler heater which extends from

sta. 24 to 83, where there is a joint or juncture with the outboard blade

kienters. The erosion shield material changes from aluminum to steel at

this station. Tha joint in the heating element re.-ults in a 1/2-inch

band which is unheated and which could provide sufficient ice bond

strength to prevent the ice from there in to the grip clevis from shed-

ding. Future testing should incluae checking the effect of this ice

accumulation on autorctation rpm.

No positive indication of runback wes evident on tht outer portion of

the blade. The inboard lower surface collected ice "drops", which are

apparent on Figure 79 as far back as the trailing edge, as would be

expected due to the large droplets behind the HISS,
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With respect to the tail rotor blades, the test results indicate that,

at least for the conditions tested, ice protection is not required.

The engine exhaust plume provided sufficient heat to anti-ice the tail

rotor blades at all conditions tested. A review of high-speed camera

film from the chase aircraft also showed no ice present on the tail

rotor blades, although varying amounts of ice were presen4 on the hub

arms, slipring housing, vertical fin, and horizontal stabilizer.

Flying in the cloud behind the HISS tanker in level flight requires a

power setting that would be used for climb. The higher exhaust gas

temperature combined with the vortex pattern behind the tanker may

result in a favorable anti-icing condition for the tail rotor, which

would not be present under natural icing conditions at h .h liquid water

content levels end low ambient temperatures. Therefore, tail rotor

deicing capability for the UH-lH helicopter may still be required,

5.4 DEICING LOADS AND DYNAMICS

Main rotor and tai.l rotor loads were recorded prior to entering, while

inside, and after leaving the deicing cloud created by the CH-h7 spray

tanker. Loads were recorded on magnetic tape, and the most critical

structural loads were monitored in real time to maintain safety of flight.

Prior to the actual icing runs, the test helicopter was flown in the tanker
wake a: various locations to determine the effect of air turbulence from
the tanker. Vertical passes were made through the wake in the center, to
the left side, and to the right side. The center and left side vertical
passes were made without any difficulty. The vertical pioss on the right
side was terminated when limit engine power was reached. The test heli-
copter was also flown in the "icing tesL position" behind the tanker.

Main rotor blade loads for these wake turbulence survey tests are shown in
Figures 80 through 86.
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Figure 80. Main Rotor Inp]ane Bending Moment at Station 35 With
Deicing Boot Installed, 80 KCAS
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Figure 81. Main Rotor Flap Bending Moment at Station 35 With Deicing
Boot Installed, 80 KCAS
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Figure 82. Main Rotor Flap Bending Mmet at Station 150 With Deicing
Boot Installed, 80 KCAS
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Figure 83. Main Rotor Pitch Link Axial Load With Deicing Boot
Installed, 80 KCAS
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Deicing Boot Instaled, 80 KCAS
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Figure 85. Tail Rotor Flap Bending Moment at Station 24 With
Deicing Boot Installed, 80 KCAS
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Figure 86. Tail Rotor Pitch Link Axial Load With Deicing Boot Installed,
80 KCAS
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Ice accretion runs were conducted behind the tanker at three water spray

flow rates of 0.25, 0.50 and 0.75 grains per cubic meter for various ice

accretion times prior to deicing. The outside air temperatures varied

from 50C to -20 t C., The structural loads are presented for the 0.25 and

0.75 g/rn3 flow rate in Figures 8o through 86' anid Figures 87 through 91,

respectively, as a function of the time spent in the cloud (i .e., the

anmunt of ice on the blade).

The structural loads are plotted for each of the following conditions:

1. Trim before entering the icing cloud at th'o test altitude

and speed, outside of' the tanker turbulence.

2. After entering the icing cloud to obtain a base point in the

tanker turbulence at the start of ice accumulation.

3. Maximum toad in the icing cloud to determnine the highest load

obtained while in the Icing cloud.

4. Prior to leaving the icing cloud to determine the structural

loads in the tanker turbulence with the ice that had

accumulated while in the icing cloud.

5. Trim out in clear air after leaving the icing cloud to

establish the change in structural loads with the ice that

had accumulated in the icing cloud so that it could be com-

pared with the trim before entering the icing cloud.

6. During the deicing cycle to determine load changes as ice

sheds from the main rotor blade.

A review of the plotted data shows that most of the increase in

structural load was due to the downward flight operating condition and

turbulent air behind the tanker. There was no significant change in loads

due to ice accumulation. The data also shows that there was no significant

change in loads during the deicing cycle as the blades shed the ice that
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Figure 87. Main Rotor InpLaw D14ding Momew4 at Station 35 With

DeiclMg Boot Installed, 0. 7 5 g/ui.
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Figure 88. Main Rotor FUQ Benim Ment at Station 35 With Deicing
Boot Usat ed, 0.75 g,/R3.
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Figure 89. Main Rotor Pitch Link Axial Load With Deicing Boot
Installed, 0.75 g/m3 .
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had already accumulated. The loads measured were all within the flight

loads measured during the dry air flight envelope expansion tests except

for the tail rotor inplane bending moment at rotor station 11.

The tail rotor cyclic inplane bending moment reached a maximum value

of 1750 in.-lb behind the tanker (Figure 84) as compared to the maximum

of 1650 in.-lb that was measured during the envelope expansion tests

at Edwards (Figure 60). This bending moment level is well within the

structural capabilitj of the tail rotor and below the maximum transient

of 2200 in.-lb found in the measured records of the standard blade.

r. hme history of the main rotor flap bending at station 35 and the pitch

link load during a typical deicing cycle is shown in Figure 92. These

data are typical and show that there is no discernible change in loads

before, during, and after the deicing cycle.

The tail rotor, because of the heat stream from the engine exhaust, was

not in an icing environment. A difference in loads due t3 the turbulent

wash from the tanker was -vident.

Table 16 summarizes the predominant measured vibration response fre-

quencies at the locations where vibration data were recorded and the

apnroximate recorded response amplitudes. These data are presented for

-im flight lust prior tc entering the cloud and while flying in the cloud.

The general vibration characteristics are not sensitive to being in

the cluud or out of it. The only vibration that was significantly

increased while in the cloud was the pilot's seat vertilJ (FP. This was

probably due to the turbulence genera ed by t. tr•ker helicorpter.

.E •'. >' seat vertical vibration readings show:,. the tsit app.ear

"Lbe -. in general. It is not krown whether "'.ese are r.a. ;r 5:

•*- .•. t:. - al• e•ibra~t ion errr, in any euent, the rel;t'. .
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TABLE 16. VIBRATION LEVELS RECORDED IN TRIM BEFORE
AND AFTER ENTERING CIOUD

Vibration Vibration
Frequency Amplitude, g's

Acceleroneter Location W/aR Trim In Cloud

Pilot's Sedt Vert IP_ ±0.2 ±0.2

Pilot's Seat Vert 2P ±o.16 ±0.15

Pilot's Seat Vert 6P +0.1 ±0.18

Pilot's Floor Long 2P _±0.12 ±0.15

Pilot's Floor Lat 2P ±O.O4 ±0.07

Pilot's Seat Lat 2P ±0.02 ±0.03

Pilot's Seat Long 2P -±0.05 ±0.05

P-lot's Seat Long lop ±0.3 ±0.16

Tail Rotor Gearbox Vert 6P ±1.8 ±1.8

Tail Rotor Gearbox Long =10P ±1.0 ±1.2

Main Rotor Gearbox Lat =13P ±1.0 M0.7

A r•e:iew uf the vibration data was ;tlso rnduA 'lurirwt 'Ahe del(icji .;.:qul-l..

'he data, which was 'sub:tan.i at t: " p1 Ir 1 a., .Werver C'or:,:•eit, ,w

the re was virtu ally rnr, ef fect (,I I l I-"I' :.I , vib " J2 !- :-eSLpCI..!e Ia'.: % ti.

deicing sequence at any of the vibrai i,,r :r1i r.1.

. R)TOP BLADE THEM4.1AL P, FQ.ANCE

A li.ited amount of blade temperature h ,-': A

the icing runs. Figire 93 shows, f.. o xwr.pi•, " rezo..: " -

i:.p the deicing cycle in or ui" uf t.,- cloud (at -102). It is seen

that. the latent heat ý;f "si' ;" the i:- - " ' ". " -

c-. ',he bliade unheatedI eq, . z. t e.mer'-i ;r& (t.' t . ," .
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to the start of deicing); i.e., the blade temperature in the cloud is

higher since the impinging droplets which freeze release their latent

heat of 144 Btu/lb. The cooldown in the cloud, on the other hand, is

faster since the droplets impinging on the surface (above freezing)

absorb heat since they are sensibly heated to the surface temperature.

The absolute magnitude of the blade temperature level, however, appears

to be incorrect since all the temperatures are noted --s being above

freezing. In addition, there is a change in the temperature-time slope

at 4 seconds, which corresponds to the time of ice reease (presumably

at 00C).

Figure 94 shows the temperature-time history for four main rotor

stations at an ambient of -5 0 C. This curve clearly shows the effect of

kinetic heating along the rotor span. At this amibient temperature the

blade will be ice free along the outboard 50 percent of the span due

to the kinetic heating. Ice shedding is discernible only at station 145,

as a change in temperature slope.

Figre 95 is a surinary of the measured temperature rise at station 45

as a function of semiautomatic OAT control setting for light (160 volts)

and moderate (200 volts) icing intensity settings. The clear air

temperature rise is, as would be expected, higher than during icing.

The temperature rises during icing for both the light and moderate

settings indicate a satisfactorily conservative level above the

ambient temperature datum.

Figure 96 is a correlation of predicted ard measurei te,:per'-tir'e ri.3c

at station 45 for an ambient temperature ,*'- (• C. 1: .z ! . - : I I

of three consecutive deicirg cycles. Pl wa:" n-p-"- t 'y ". , :

that it appeared that the ice hai nut .!e :•.bcar, :. T;',. :':,.. ;

therefore, two subsequent cycles were per., rmei n'. ' tue..4 '

clear the residual ice, or. the f i rst ,y'.Ie, tihe mt-a11urei "•.rer,

shows a flat spot :'or . secir is (at av. im. " "'*t. ",.:" ,.r .

Allowing for the prubability :f 4 l.yrue!." . !%Z .2, -4 .m .
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since the correct initial temperature should be -14"C, the flat spot

can be attributed to the melting of an ice layer (at O°C) and the

subsequent formation of a cavity under the ice. It is to be noted

that the subsequent measured temperature rises are higher than the

predicted values. This would occur as a result of the insulating

effect of a layer of ice over the surface. The thermal model used

for the analysis accounted for thermal capacity of the ice and its

thermal conductivity but presumed that the ice shed at 0 C.

Unfortunately, none of the movies or still photographs that were taken

indicated the extent of ice which failed to shed during the -20'C

condition (shedding was reported by observers in the chase plane as

being complete during the -150C test conditioas). There are two

phenomena which could have contributed to the reported incomplete

slieddirng:

1. An ice ridge at the station 83 production break. This can

be corrected in a heating element redesign either by locally

increasing the power density or by using a continuously heated

parting strip on either side of the break.

2. The ice anchoring to the unheated area inboard of station 50.

The heated area inboard of station 50 extends only 1 inch on

either side of the leading edge,whereas the ice catch with the

large (150-micron volume median diameter) droplets from the

HISS extends substantially further aft of this point.

Figure 97 presents a comparison of the expected water catch distribu-

tion on the main rotor blade -- would be experienced iri natur%'l icin

with that occurring behind the tanker. It is seen that the large

droplets result in double the total. catch rate per foot of span. fur ai

given liquid water content; alternatively, the ieqding-edge catch

rate I-., approximately LO perrcent .hiher (fcr equal liquia water

an, impirgerient extenis a•.rcxirnately 1O0) percert "urther a:'`t belini e

H 2U . tLat. w i x j g4e e ". r. r' e.'era " .e. A.'-hcý u h o. h ct "' ' e
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behind the HISS is double that for natural icing, the severity of icing

is generally evaluated at the leading edge; and thus tanker icing could

be taken as at least 40 percent more severe than natural Icing.

5.6 WINDSHIELD ANTI-ICING

The anti-icing characteristics of the windshields were considered to be

satisfactory at each combination of liquid water content and ambient

temperature tested. At no time was there any evidence of ice clinging

to either windshield within the heated areas. Accumulations of ice

were outside the heated areas and on the w1per blade assemblies. The

thickness of this ice varied with liquid water content, temperature,

and time duration within the icing cloud. The wiper blades were

effective in keeping the windshields clear of water film when they were

used to improve the pilot's view of the HISS tanker during flight iii the

spray cloud. (An annoyance, however, was the wiper travel onto the ice

outside of the heated area. It is conLluded that the wiper travel should

be modified to eliminate this probl-sm.) An example of typical ice

accumulation outside the heated windshield areac, can• be seen in Figure 16.

The pilot's ,iindshie.d -- ed or.mally at 160, 200 and 230 volts during

both iry ui" bad iwi ig operaitioz.. Thc copilo' windshield *.ad a slightly

longer ýA in: thi ine vil,•,ts win.ishieli at -'O nd ."30 voits. At

1,]0 volts, 0i. cld "-ir an i :, indg , :iitioz.s, t<he : t i:ne of corilot's

w.ndshield i;.cre.ased sdt-t ant Liad y and -v tere i at ureo below -lOC stayed
:'n '.'. zcs C ¢_:tnt ,4Al; ~l.

ai..bie . !- Ie,,I wais !~ t> i'.e e*'>' -i'e

re 4-:1re Iin '.cp-t 'sw'It!tii A >.a.. -. Cesr:-

tc tets> w....he.. I >1 >S, t....... e . ..

shIe-i was satcA-': ' r.-I'•: . ½> "t. , I- , -

"u:s te-!El iown to -22 2.



5.7 ICE DETECTOR/SEVERITY METER PERFFRMANCE

As discussed in Sevtion 2.h, two ice detector sensing units were

mounted on top of the fuselage (Figure 16). Fundamentally, these

units are ice detectors, with their output signals processee as

appropriate to provide indications of liquid water content. Figures 98

and 99 show the response of the ultrasonic unit in several different

spray cloud densities. As previously noted, the HISS cloud has a ver-

tical extent of the order of 5 feet; this results in the ice detectors'

normally being positioned near the edge of the cloud when the main

rotor is positioned near the center (Figure 75).

Thus, the detectors will indicate a below-average cloud liquid water

content. Figure 98 does show the effect of a penetration of the

sensor through the cloud and provides a measure of the vertical

distribution. The nominal liquid water content noted on the figures

is obtained from the calibration data for the HISS.

These data show that the ultrasonic unit provides a very rapid response

to local icing severity conditions and that it apparently yields at

least a good measure of relative icing severity. Further testing under

natural icing conditions is needed to establish its usefulness in pro-

viding signals for the modulation of the rotor deicing system.

Only one problem was experienced with the ultrasonic system during

the icing tests: the probe and mounting strut generally failed to

deice autor.atiLcally, and it was necessary periodically to deice the

'nIt m:anually (by yxessi:g the test button, whizh activates the

heating unit).

:llits from the ser.nsr were beng prtcevsed thn,ugln the iWC
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component. Ground checkouts Indit'ated that the detector portion of

tnt system. was apparently f'uncti..ning properly.

Figure 16 shows Zhe ice Accumulation on the ice Jetectur masts on top

of the cabin rool' after a tpical test flight. It cati be seen that the

ice accretes well down oti the supporting mast, l.plyin'y that for tanker

spray tests, at least, the masts need not be sc high; however, the

smaller droplet size "n natural icing klouas mnight produce different

results. A change *n mast heivht should be deferrel, therefore, tutil

completion of natural Icing inv'estigations.

5.8 STABILIZER BAR

The energy level which were established and used for stabilizer bar

anti-iring proved to be effective in preventing the formation of ice

on the heated area of the arm and tip weight (Figure 100). Actuation

of the system, howtver, is currently tied into the ice detector signal:

heat is not applied until icing is eacountered. The transient response

of 'he assembly is such that, based on analysis, the coldest heater sur-

face temperature (midway betweenL the heater wires) does not reaeh OC

(from -18TC) until apprcmlmately 8 minutes after the application of heater

power. Thus, it is concluded that the stabilizer bar anti-icJng system

should be actuated prior to ente•-ing the icing condition rind that the

ice detect! r signal requir.ment should be deleted. This is the procedute

that was used in the test progrAm to obtain proper anti-icing.

5.9 UNFROTECTED AREAS

Some of the unprotected areas on the aircraft that experienced significant

ice buildups during the testing (although the ice didn't cause any problem

or generate any concern during the program) are pote'Aial problems. They

could be FOD sources for the tail rotor or adjacent aircraft in formation

flight d,, therefore, should be monitored in future testing.
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a. N. H. synchronized horizontal stabilizer

b. Aft fuselage vertical ;Wlon

C. bet toer venPt

d. Rotor control Rods

e. Fuselage noze

f. PH whip ant%=a

Figuire 101 shows the ice buildup rewaining on the horizontal stabilizer

and vwrtical fin after retul, to base, Observation of tho movies taken

fr.m the chase plane indicate ice acretion over the entire upper

surface of the horiiontal stabilizer. (This is to be expected becaRL'

of the relatively large water droplets from the HISS and the Increased

negative angle of attack.) The ice buildup on these curfaces wa.r not

noted to cause any problems but does serve as in indication of the total

accumulation on an airfoil. The maximum leading-edge accumulation observed

on t:&e ground was 1 Inch on the right hand horizontal stabilizer and

%pproximately i/4 inch on the vertical fin. The left hand horizontal

auto-stabilizer appears to be kept ice-free by engine exhau., heat.

Figure 102 shows typical ice buildup on the battery vent. In one

instance, the ram air inlet was almost closed. It is recommended, there-

fore, that the system be redesigned to incorporate a different type of

ventilation such as an internal fan or a much larger scoop or a baffle.

Figure 100 shows typical ice collection on the main rotor control rods.

Although a substantial mount of ice built up on the control rods,

swashplate and pitch links, there was no problem with aircraft control.

Ice thicknesses of 1/2 inch were measured on the blade attach fittings.

The ice texture which was seen at all ambient temperatures was of the

glaze variety and closely matched the description of freezing rain, which

can be found on pages 21 and 12 of Volume I of this report.
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Much of the helicopter nose vms covered with lee mnd this, too, is

symptomatic of the large droplets existing behind the tanker. The

principal effect of nose Icing would be the Icing of the chin bubble

window. The test revw, howevet, did not beleve that the icing which

was experienced represented a potential operational ;rnblem or hazad.

It Is also to be noted that the much smaller water droplets associated

with natural icing would only impinge close to the imediate stagnation

area of the nose sad am not likely to cover the entire window.

Previous Icing of the UA-l (3) showed that the 114 whip antenna osrcillated

violently with tce on it, mid several Inches were broken off by the tall

rotor. Tiw recomimetio was sod (reference 3) that the antenna be

canted 3n additional 12. degmes by a wedge; mid this was done for this

program. Observation from the chase aircraft on the first icing flight

were that the atenna continued to whip violently du to ice duo iM its

MkIntSl tws IW tw~eft s as wtinved fbt te VMR~IN

test flights. It is recomme tbst the antea b* mored to a

new location or that a flush eitemsa be used if it is available.

There wm no icing of the engine air inlet screen of my significant ras-

nitude. On one flight, Lee buildup on the right-hand side vas noted

(Figure 103), but this condition was not consistent.

.10 zMcr OF ICE ACCoRTI¶ Of AIRCRAFT PERFORMANCE

Lo.a were recorded during the testing to assess the incremental changes in

power requ! d4 d-je to flight operations undor icing conditions. The paramr-

eters recorded at each trim point by test and flight number are presented

in Table A-1 in the Appendix of this report.

(3) Nlttfg M.QJ. Carl F., lB-IH HELICOPTER NATURAL ICING TESTS, US AraW

Aviation Engineering Flight Activity Report T7-TT, Volume I of Rotary

Wing Icing Symposium, 4-6 June 1974.
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For a deI oizg cycle, the oh!vPieet I ti tor Iit Iu *'::~ kv'' 1.0 e~ 0-, 1.' 1 . 1. 1-

provides a esure of the change dike to lot,,c, ',retuiti. i'ht-ae oh.iffl 3Mri,

CutQaidered approximate as In the owae of -jil,'ted I,, "',o'r,,' I,,, ,uid 4V1l1•_,

cjolez there Ist no way to ,account for the !--v rt-m-Lithi, t, tiv. tL,,e

re:out ing fro.A an ineomplete Ice shell ifte'r .i Jeiciit" *:'.-,.. h, 'tdd " 1 Q11.

t_.e ,.has, aircraft. observers reported m,uiy i tIvtt tt.. ,: ' 1. , vi tit! tit.

Miror.iMt %tt.er exiting" the cloud wid bel',k , the ,hi ,l,,, ,', ( ',rwl

mbieuts of -7.'C WA wJmlr),tt.us affecting the delta chmge meauurewet,.

'!ie torque ehslges due ti main rotor !iia 1 'u-.11 1 iy .. Id I a ,;,

sumirized in Table 17. ihe atvrIe t rile, .,.' , *.,,&'!-' , ,

icing above that required for level 1, ! :',w, * ' .i 1 .:,

mid varied between 0 n.nd '6. 3 VLro;tit 1%,r " t,1 .i I .

average torque Increase due to lov I,,I i ,ii.,j :, ,, ." .

rotating components was 5.7 percent .:idv'ttll, ,w,, ' 7t .. ,,,it:.
'M•e average valul e of the oonblnt,l, t.,rql~e 10e,'.,., 1• 1*. ',*L i " ' I t:+

P+•elae• ice buildup was Ml•., Vercelt. ivid v.trit-4 k-ý,*w.... "", :. I|.':

The w•ake and vortex pattern behind 1 he t,•unker rt'.: il I i vi '*. C',

flying in a simulated climb condlition,. t t:oiviliti4?1 P... III., tile 1a ,

icing cloud. From nonicing test data, the tcr!ue i nor�e , w ' :w ',) :..a to t.e

44 percent when flying behind the tanker. 1 :,flu,: ':.; i -1!10-, '..., t1.'ri'e',

pressures of 42 to 50 psi were reported ,Uk4,r .,,m' t,., tl,dltlollo -ild

reflect torque increases of ')8 to 78 peretil., reepecM Ively. I'l!;h~j; 1lohrI

level of power required in the cloud with reotult- ititi ,.;.: in t.xi&,AiAst

gs temperature (55-650 F may also contribute to azati-Iclar, of the tuil

rotor by the engine exhaust wake. Nlatural loing test:i will huve to be

conducted before this et'fect can be confirmed.
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6.0 N1EW INSTALLATION rROBLB AREAS

6.1 MODIFIED ROTOR BLADES

Visual inspection procedures for all new inr.stol]atti('s were jpr.part-d

and utilized during the test pr,)grru to as.,ure flight r'afety. These

inspections included preflight, daily, and 'I5-hour irispectiun.-.

The i4Lified rotor blades were given special attt-tition bemause uf tle

limited testing and number of blades fabricated (a total of four r:,iln

and three tail blades were modified for use it, the test. pro#-,rar,,) priur t(

flight operations. Before any testing, the maln and .ili r~tnr bt',a,

were inspected by the "C" scan ultrasonic method to verify bondit.g

integrity and to document their initial cr :.ero time slgriaturv %r

depcribed in Section 5.2 of Volume I. in addition, the firnt main

rotor blade that was modified was used as a teardiwri specimen to verify

bonding procedures. The iT.itial "C" srew and visual i,:spect Ion of the

te•rdovn blade cross-sectional cuts indic!Atecd low bond otrength where

the heater element braided wires ran under the enrsion shield along the

spa .,f the blade. Therefore, shear and tension coupon specimens we'e

cut from portions of the actual test blade as well as fatigue test

specimens, and tests were conducted that established adequate ztructural

integrity of the "good" bonded area. This is discussed In detail iii

Sections 5.2 and 5.3 of Volume I.

To frther augment this aspect of the test program, a second "C" -"nW

ultrasonic inspection was perforltrd after t.e airworthiness testing

and prior to the simulated icing tests. The blades had 34.4 total

operating hours and 15.3 flight hours accutaulated to that. point. There

was no change in the "C" scan recordings between that :.ignature and the

zero time signature, thus verifying the daily "coin" tap test indit:ationr.

To minimize flight time usage of the modified blades, they were removed
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check dyrimsic charact~eristlcc. :v, pniblems were i,,decated. The results

of the reasurrne:atvs are discused in other sect, ionre; of tihil; report..

6.3 BLADE IfAATEh WIhI:i;t

The major problem expericeld 1irrrinw the prtv,,'rwt waHs several occurrencet;

of short- to-ground ele-ct.rlc:?L wiring C'ailurs Irn the power linos to the

blade heaters on the maEn rotor bldv. A total of four "short" failures

were experienced and one "open." All ofl thiit fa[lures were repaired

at the test site by the test crelw with its rrn los, of tircraf't

availability timne. Four of the fallures:" occurr,,d on one blade at blade

station 83 in the area where the power lead, pass under the inboard edge

of the steel emosiu t.shield, wad the fifth failue was att blade station

26,2 (26 inches from the blade tip). Thia , failures a•r attributable to

design and manufacturing, details that. can be corrected relatively easily

on future blade/heater rsserlieu.

"I :nere are eleven flat braided puwr r lead'; Wt, I :',iti 4 t-ong the upp.r iblade

surface from the root en l counn'otor to the blade heat•rs at the outboard

zones. At the statlon a pr3duction; breatk, the lever. wires atre rouced

under the steel erosion strip on their way out t~o the various heater

zones. The first short, to grosnd occurred between wl:e No. 1 (the uecu.-

from the lat toward the trnl1irig edge of the erosio- shield) au d the

erosion saield edgt. It was detectod by the ice protectio, systel''.; fault

detection circuitry an(d displayed a grouri fa,•utlt warnitig light. il the

cockpit. The failure was caus,-ed by a bre'kicwn of the dielectri, matterial

between the sharp edge of the erosion 3,hih' Io tui the wire braid. Tihe

breakdown occurred after 10.8 flight hours mad approximately 25 total

opersting hours on the blades. Blade flexing int flight apparently had

caused the sharp edge of the inboard end of the steel erosion shield to

cut. into the insulating material. When '30 volts of deicing ekcetrical

rower was applied, arcing occourred.
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Figure 105 shows tie external evidence of the failure. Repair was made by

trimming the corner of the steel erosion shield off and splicing in a

piece of braid to replace the burned section. No structural damage

to the basic blade was evi,'ent. The repaired area was covered with a

non-conductive potting adhesive to restore blade contour.

The erosion shield edge is pressed hard against the dielectric material

during the heater/shield assembly bonding operation. It apparently

pressed harder than normal on th's one particular blade (the firnt flight

heater assembly to be manufactured) because of the added thickne. s to

the wire braids due to the solder eplice joints of the power supply lead

wire,- and the erosion shield/heater assembly wires. This undesirable con-

dition was noted on the first heater assembly and was changed by the deicer

manufacturer relocating the splice 1-1/2 inches furthec inboai and well

away from the edge of the erosion shield.

Two of the other failures on this blade and station were similar in

nature and cause. Figure 106 shows the external evidence cf a sho-t in

the No. I wire (the end wire) which burned out approximately a 1-inch-

long section of braid. Figure 107 shows the replacement braid -plice

soldered into place and the fiberglass cloth tape added undernea,.h for

better insulation. This failure was apparently a soldered splice that

opened and caused the arcing across the gap. Figure 108 shows the

repaired area closed with sealing compouni.

Figure 109 shows the strap of braided wires in the Station 81-83 area

after the outer insulation material was carefully removed to locate and

repir another "open" that was experienced. It was found that each of

the braids had a spliced-in section in this area and several of the solder

joints were loose and/or questionable in addition to the one that initiated

the problem. All of the questionable solder joints were repaired, and

the area was covered over with a clear insulating and protective sealing

compound as a final repair.
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Figure 104. Main Rotor Slipring Wiring Condition Found on Disassembl'

Investigation of Wire Guide Tube Failure.

OF ELffVE ERASD WMR

Figure 105. External Evidence of Wiring Short Failure No. 1,
Blade Station 83, Top Surface.

20,



Figure 106. Electrical Short at Station 83 of No. 1 Wire.

Figure 107. Repair of Failure Showing Replacement Braid
Splice Section.
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Figure 108. Station 83 Repair Area Covered With Sealing
Compound and Ready for Further Flight.

4-tt
Figure 109. Station 80-83 Wiring Ynsulation Removed, Showing

Spliced Wires and "Open" Joint That Were Found.
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The short at Station 262 was on a different blade and was on the underside

of the blade. This short was also between the wire braid and the erosion

shield. It was repaired by carefully removing a s.micircular piece of the

erosion shield at its trailing edge to uncover the braid. Physical evi-

dence indicated that the braid vwA just under the edge of the erosion

bhield at this point instead of 1/8 inch in from the edge. Thib location.

apparently permitted moisture to penetrate a pinhole in the epoxy and

fiberglass shield fairing and provide a path to ground. Figure 110 zhows

the repair area with the "sliver" of erosion shield removed thus exposing

the braid. Careful manufacturing indexing technique3 will prevent mis-

location of the assembly in future assemblies as well as precautions to

assure moisture sealing of any porosity in the shield/fairing joint.

6.4 BLADE HEATER DIELECTRIC STRENGTH

In the process of the troubleshooting investigations of the blade wiring

short problems discussed in the previous paragraphs, measurements of the

heater to blade/erosion shield dielectric integrity became routine. The

results of these measurements showed a wide variation in dielectric

strength between the three main rotor blades used in the program and in

any one blade from time to time. It is hypothesized that this is due to

moisturt! paths, admitting moisture into the blades. This is an area that

warrants further investigation and action on a complete modified blade

assembly prior to further development testing.

6.5 STABILIZER BAR HEATER ASSEMBLIES

The stabi!izer bar is anti-iced (continuously heated), and its operation

was checked kring the system functional tests. Its power density is

proportional to tL,,e generator voltage and, as discussed in Section 2,
2is 5 watts/in. at 200 volts. Operation was satisfactory at 160 and 200

",olts. At 230 volts, however, one of the balance bar tip weight heaters

burned out during one of the ground runs. It is believed that the failure
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Figure 11o. Station 262 Failure Area After Steel Shield
Material Was R•emoved.

was a "simple" overheating of the part ',Figure 111). The location of the

failure is surprising since the least cooling would occur at the inboard

end of the arm (least tangential velocity). Although fhe other pa~rts

shoved no visual damage, a "feel" inspection indicates that there was

substantial sponginess in the rubber indicating that some outgassing had

occurred. As a precaution, all heating elements were then replaced. A

thermal analysis was then performed to establish temperature limits for

a thermostatic control system. This analysis shoved tha. the heating

element could achieve a temperature cf approximately 6000 F in dry air (the

wires are spaced approximately 3/16 inch apart). This compares to an

allowable temperature of approximately 425 0 F based upon the char properties

of rubber. An overheat control system should limit the heater element to

approximately 300F (the sensine elpment vuuld be .010" behind the heating

element, and the temperature differential at 230 volts is 130°0 to the

average temperature in the plane of the sensing element). It has also

been concluded that an etched foil heating element design would be superior

and would have prevented the burnout.
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Figure 111. Stabilizer Bar Tip Weight - Failed Heater.

Operation with the second stabilizer bar heater assembly at Moses Lake

revealed that after a very short operating period, a bonding separation

between the heater and the tip weight was experienced. This could have

contributed to the failure during the dry air groutnd tests but in any

case implies that an improved bonding material such as a hot bond as

opposed to the present cold bond should be used on future assemblier.

6.6 ELECTRICAL SYSTEM OPERATION

AC Electrical System

Incorporation of the ac electrical system in the UH-lH was accomplished

with a minimum impact on the normal helicopter operating procedureE. The

electrical system, including the ac generator, the regulator and protec-

tion panel, ac generator/external power contactor, external ac pov,•r
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monitor and ac bums perflored throughout the flight test program with

only a minor problem occurring in the regkJlator and protection panel.

Both the original flight regulator and protection panel and the spare

unit 4. #eloped a delq in e~atrgizing the a* bus after the engine had

coN up to normal operating rpm. both mnltftctione occurred after

several hours oa normal operation. Delays in energizing the ac bum

varied from 5 minutes for the spare unit to as long an 20 minutes for

the original flight unit. Subsequent lhoratory testing established

that the circuitry vas teq~erature sensittiv and would not actuate

below 320 F. This problem bas been corrected by the manufacturer.

Analysis of the an elec+,rical system performnce showed satisfactory

coordination between aircraft-generated ne power and externanl ac power

*Ad operation with a floating neutral. Further 4esign resolution may be

required in the use of certain external power carts which connect their

ac system neutral to the control pins in the external ac power connector

through a relay coil. This feature ties the ac system neutral to the

aircraft's dc system (which uses the aircraft structure as dc return)

and consequently removes the floating neutral.

Pc formance of the dc electrical system proved to be satisfactory through-

out the flight test program. Use of the staxter•generator as both the

starter and the main do gencrator required only minor modification to the

startup procedure and coordinated well with the transformer-rectifier as

the standby dc source. At light do system loads, however, the dc generator

did not automatically pick up the dc bus from the transformer-rectifier

standby source. This feature can be corrected by slight design changes

to the standby source reverse-current relay circuit.

Ground tests were conducted using a load tank to evaluate the cooling

characteristics of the ac generator under varying electrical loads at

voltage levels of 160, 200 and 230 volts. irue -- ults of these tests are

presented in Figure 112 and indicate that the x, in temperature rise
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experienced was 18F. The maximum inflight temprature rise experienced

Sarimg this period of testing was 270F. It would be expected that the

temperature rise is proportional to the generator output instead of being

almost Independent. The measuree inlet temperature was noted to be 20-

V007 abov ambient, and it a.zy be that this reading for soe reason is

too high.

No pnr'%lem nf overheating ti expected vtih such a small tagmperature rise

dwInG operation under heavy load. The ac gpnerator is rated for satis-

factor operatioi with its outlet air temperature at 30F0, and no con-

dition of this type wil ý be expe-ieneed during deicing system operation.

6.7 DdICIN0 C0NMPL SYSTM OPILATION

The basic design conctpt of the deicing control system proved to be effec-

tim in atisfs.tory duicing of the %ain and tail rotors. Flexibility

in the operational ehaacteristi-n of the system allowed adjustments of

the deicing energ .) mfte -^rz7 simply and quickly.

Several problem were encountered in the initial operation of the control

system. Most oi these, however, were resolved during the early system

flight tests. The various types of syatem prmblems end effected corrections

were:

Electromgnetic Inttrference (EMI)

Electivisagnetic interference and noise triggering of the control system

protection circuits comprised the most prevalent malfunction. Unsuppressed

relays and other magnetic circuits in the basic UH-lH provided the basic

source of interference; however, some capacitive coupling fm w the wind-

shield power wires during switch-on of the windshields also occurred.
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Protection circuits most suseeptible to EMI were main and tail "open,"

main and tail "short," and controller "fault." All of theme suAs•ptible

circuits wre Immunized to DUI from tne normal system oper'itional sources

by the addition of ceramic bypass capacitors at key points in the circuit

cards of the control panel and deicing controller.

After addition of the bypass capacitors, no further D4I malfunctions

occurred until the mechanical failure of the wire guide tube inside or

the main rotor mast was experienced at uones Lake. Failure of the tube

caused chafing of the heater power wires to the main rotor blades and

stabilizer bar and resulted in intermittent shorts of phase voltage to

structure. This was indicated by flickerinkg at the "heater ground"

light on the control panel. The intermittent faults to structure were

a new, stronger source of EKI and cause triggering of the controller

"fault," main "short" and zone 6 shutoff circuits. Further addition of

bypass capacitors desensitized part of the susceptibility, but some still

remained at the end of the flight test program.

Controller Fault Overvoltage Sensing

Overvoltage protection in the control system (to shut the deicing system

off if the generated voltage were higher than that comnanded by the

controller) tripped when a new ac voltage regulator was installed and

the copilot's viishiela was switched on. The protection circuit toler-

ances were determined to be too tight for normal operation of the reg-

ulator and voltage variations due to unbalanced loading. The overvoltage

trip point was increased by 7 percent by changing calibration resistors

in the controller.
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7.0 MO "!T TIM CCOICIAJS(M AND R&C 3eUDATIOK5

I. An ac electrical system can esuily be 1r.ýtulled on the UlI-Ill.

2. The fully heated pilot's and copilot's windshields provided

vei# efftetive anti-icing to the mInimum ftIvt test temperature

of -4 0 F. The windshield wiper t ravel, however, shoitld be com-

patible with the heated area so that the bladesu dAo not otroke

over ice beyond the heated area.

3. No main or tail rotor blade structural or dvnanie problem was

encountered over any part of the flight znvelope inivetitg•ttd.

Ma. Min rotor boost-off control furoes art, reduced compartd to a

standard UH-Ill aircraft.

5. Engine power increases of 15 -- 20 p•rcent. (trimmed level

flight) were noted due to icing of' the main rutor blades

under simulated icing condit Ions oreited by the 1IL3S t,,Lilker.

The ice buildup is typlol. of that allowed bet.wci.i deicing

cycles under natural icing conditions.

6. The main rotor blade deicing system controls ice sheddin in ýt

manner that precludes perceptible vibration effects.

7. The rotor blade deicing system apper-,•r to be oapuble of provlOnit

protection throughout the range of oont miuous maximiuI ,n

Intermittent maximum icing condit i ont,, ni though some mOdi fli-

tions of the heating element. design mr•y be desirablet ,rt)iuid

the production break at station 83 to assure complete loiciz•g

inboard of that station at the extreme cold temperature

conditiox•s.

8. No problems due to icing of the engine inlet screen or other

unprotected surfaces other than the battery vent funi Lhe PI

whip antenna were noted.



9. The battery vent should be relova',ed or r, desiknid, t111 the !tt'F

antegina should be relocated to pm, Itint. It 1'()m 0-.1 119k tL.lt,

tail rotor due to i"e butildup Itsui ,tkiia rtt dvlirl• ,e pontne

or fatiguing the inowuting.

10. The failures that occurtN-ri In the ial!ii rtor blle, ,lelo'o'r

power feed lines were repairable in the field. 'I'lie f.•lii,

however, do emphnasize the need for the h-iheot lckri-ee of

quality cont.rol throughout tile rtuiufttot.i',ýnp, proo esiw to

assure reliability.

11. The dielectric vtrength of" the main roto,,r deIoi'r .mkillc-

(as measured at the cable conne.to r) bi.•tw,- the hetind

element and the blade deteriorated with t~ime ,at1 t0•hue Lake.

It is belit•red that the problem Is due to moloture penetratlonl

at some point(s) in the cireuit,. It it reooiiuiended thatt humi[Mty

testing be performed Iin the l aboritoory to determitie the CeLue

of thie problem aid thus effect. a permaient relti'r.

No problem was noted with the tail rotor deicers, and the

dieli-ctric strength wa• measured at a minimurt or 500 iegohims

(compared to a requirement of 3 megohrms).

12. The timer/controller system performed well after the initi•l

development bugs and MII problems were eliminated. The 'ault

sensing provisions were extremely useful and acourate in pro-
viding reliable fault indications.

13. The ac generator voltage regulator has some minor problems

which have been corrected.
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14. Further flight testing In natural icing is required to evaluate

the effectiveness and necessity of an ice detector/icing

severity syctem and also to establish a recommendation on

system design. Both systems tested (the ultrasonic and the

j infrared) had problems but offer promise.

j 15. The icing cloud generated behind the CH-47 HISS tanker was

too limited in size, particularly height, to achieve an

adequately uniform cloud over the test Lr- craft. Also, the

downwash generated by the tanker on the test aircraft resulted

in an increase in vibration, structural icads, and power

requirements.
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